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ABSTRACT
Generation of the pritive neuroectoderm into specialized brain subdivisions, such as
the hindbrain priordium, involves the regulated coordination of complex morphogenetic
and molecular mechansms. These processes are evident in the segregation of the
zebrafish hidbrain into seven distict lineage-restrcted comparents, termed
rhombomeres (r), which are established by the interplay of several spatially-restrcted
expressed genes. These include transcription factors, members of specific signaling
pathways and specialized molecules that mediate cell adhesion and identity. Despite their
extensive characterization, it is evident that other genes are involved to mediate the
proper specification and segregation of individual rhombomeres. One candidate that
likely fits ths role is related to the no ocellll(2)35Ba gene in Drosophila termed niz
(uocA-like zinc-fmger). Nlz-related proteins behave as transcriptional repressors and are
related to the vertebrate Spl-like famly of transcription factors. nlz is dynamically
expressed in the zebrafish hidbrain, residing in the caudal hindbrain at gastrla stages
and rostrally expanding from presumptive r3/r4 boundar to encompass r3 and r2 at
segmentation stages. Nlz localizes to the nucleus and associates with the co-repressors
Groucho and histone deacetylases, suggesting that Nlz acts as a repressor. Consistent
with ths, misexpression of nlz into zebrafish embryos results in a loss of gene expression
in the rostral hindbrai (rI-r3). Taken together, the findings in ths thesis suggest that Nlz
fuctions as a transcriptional repressor to control segmental gene expression in the rostral
hidbrain.
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INTRODUCTION
Development of the vertebrate hindbrain is a highy coordinated process that
utilizes a vast score of complex cellular and molecular mechanisms underlying the basic
principles of morphogenesis. Events in the early differentiating embryo are organized and
programed to induce an undifferentiated group of cells into a presumptive hidbrain
domain. Description of ths progression is highighted by the examnation of a model
vertebrate, the teleost zebrafish (Danio rerio) (Kiel et aI. , 1995). Since zebrafish
embryos are transparent and develop rapidly, ths organism is well suited for ths
analysis. In the adjoinng sections, I wil broadly discuss the embryonic stages of the
zebrafish with paricular emphasis on the mechansms and genes involved for proper
formation of the nervous system.
Morphology of the developing zebrafish hindbrain
Development of an undiferentiated single-cell embryo to an embryo defined with distinct
germ layers
Afer fertilization of the zebrafish egg, contractile movements force non-yolky cytoplasm
to segregate from yolk vesicles toward the anial pole and form the blastodisc (Fig. IA).
Rapid, synchronous cell divisions (at 15 miute intervals) result in a meroblastic division
of the blastodisc into an aray of blastomeres residing on top of a large non-dividing yolk
i;j
mass (yolk sac) (Fig. IB-F) (Kel and Law, I985a; Langeland and Kimmel, 1997).
By the 64-cell stage and throughout the 256-cell stage (2 - 2.25 hours post fertilization
hpt), blastomeres that are present on the upper, superfcial layer are termed the
enveloping layer (EVL), while cells that reside on the lower, enclosed layer are termed
the deep cells (Fig. IG). By the tenth zygotic cell cycle (512-cell stage, 2.75 hpt),
lengthened, asynchronous cell cycles and the initiation of zygotic transcription marks the
begining of the mid-blastula transition (MT), and deep blastomere cells that lie
marginally to the yolk cell form the yolk syncytial layer (YSL) (Kel and Law
1985b). The MBT also marks the onset of cell motility in which both the blastodisc and
the YSL begis to th and spread out over the yolk sac (ak to pulling a cap over a
round head) in a process termed epiboly (4.3 hpt) (Kane and Kimmel, 1993). Durg the
early stages of epiboly, the blastodisc flattens around the yolk and the YSL contracts
allowing for the deep cells to stream outward and repack by radial intercalation, filling
the area between the EVL and the YSL throughout its extension over the yolk (Fig. IH)
(Keller, 1980). These radial intercalations do not affect the EVL, which remains a
compartentalized monolayer and eventully forms the periderm, a protective outer layer
that covers the entire embryo (Kiel et aI. , 1990). As epiboly progresses, cells of the
blastodisc form a blastoderm, which proceeds to expand and engulf the yolk cell
completely (Fig. II). The cellular movements that occur durg epiboly are dependent on
a network array ofmicrotub les and early-acting transcription factors (Schulte-Merker et
aI. , 1992; Solnica-Krezel and Driever, 1994; Stachel et aI. , 1993; Strahle and Jesuthasan
1993).
Figure 1
Figure 1. Zebrafish embryonic development throughout blastula stages.
(A-F) Scanning electron micrographs of early stage zebrafish embryos.
(A) 1-cell (0.2 hpf). (B) 2-cell (0.75 hpf). (C) 4-cell (I hpf). (D) 8-cell
(1.25 hpf). (E) 16-cell (1.5 hpf). (F) 32-cell (1.75 hpf). (G) 256-cell
(2.25 hpf). (H) 30% epiboly (4.75 hpf). (1). 50% epiboly (5.25 hpf).
Embryos are shown at dorsal views with anterior to the top.
Abbreviations: Bd, blastodisc; Yo , yolk; EVL, enveloping layer; hpf
hours post fertilization. (Adapted from Langeland and Kimmel, 1997).
In addition to the continuance of epiboly, morphogenetic movements of involution
convergence and extension occur, producing the three distinctive germ layers and
defming the priary embryonic axis (Schoenwolf and Smith, 2000; Solnca-Krezel et aI.
1995). At the onset ofthis stage, termed gastrlation (Fig. 11) (50% epiboly, 5.25 hpf),
cells are fIrst spe'cified and commtted to a parcular embryonic fate (Fig. 2) (Ho and
Kiel, 1993). Only deep cells of the blastoderm contrbute to a defInitive fate, while
yolk cells, including the YSL, have not been shown to contrbute to embryonic fate and
EVL cells impend exclusively to formation of the periderm (Kiel et at, 1990). The
injection of dye molecules into individual cells, in order to trace cell lineage and examie
the paricular tissues to where the labeled descendents of the injected cell lie, proved to
be valuable for establishing a fate map for the differentiating embryo (sumarzed in(Ho
and Kiel, 1993; Kiel and Warga, 1987; Kimmel et at , 1990; Woo and Fraser
1995; Woo et at , 1995)). Fate mapping indicate that cells located nearest the animal pole
wil produce ectodermal fates (Fig. 2). Ths includes the epiderms, sensory organs such
as the nose and eyes, the neural crest and central nervous system derivatives such as the
brain and spinal cord. A broad ring of cells located near the margin produces mesodermal
derivatives such as the notochord, blood and hear, head and somite muscle, the kidney
and fms (Fig. 2). Lastly, cells overlapping the blastoderm margin, occupying closest to
the yolk cell at the vegetal pole, will give rise to endodermal tissues (Fig. 2). This
includes epithelial cells that make up the phar, liver and intestines.
Figure 2
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Figure 2. Fate map of the deep cell layer of an early gastrula-stage zebrafish embryo.
Lateral view of embryo showing cell postition in relation to the prospective tissue or
organ rudiment. Ectodermal fates map nearest to the animal pole, mesodermal fates
map to a broad marginal ring and endodermal fates map nearest to the blastoderm
margin. (From Langeland and Kimmel, 1997).
Transplantation experients, in which a single labeled cell is transplanted from
one particular region in an early gastra-stage embryo (donor) into a different region in
another early gastrla-stage embryo (recipient), have shown that the relocated donor cell
wil differentiate according to the recipient environment it now occupies (Ho and
Kiel, 1993; Woo and Fraser, 1998). This indicates that cells at this stage have not yet
commit to a certain fate and remain plastic, regardless how they are specified. For
example, transplant of a cell located near the blastoderm magin, normally fated 
become endodermal, to near the animal pole, wil result in the cell transformg into 
ectodermal fate (Schulte-Merker et at, 1992). However, if a donor cell is from a late
gastrla-stage embryo, the transplanted cell will instead migrate to a region withi the
recipient from which the donor cell was originally specified to be and remain commtted
to that original fate (Ho and Kiel, 1993; Woo and Fraser, 1998). Ths suggests that
while cells are specified, they are capable of exhibiting plasticity and differentiating into
other fates durg early gastrla and only are commtted after mid-gastrla.
As epiboly progresses and the blastoderm continues to envelope over the yolk
cells of the blastoderm begin to involute near the margin, forming a germ ring (5.75 hpt)
(Cooper and D'Amico, 1996). This thickened region circumscribes the entire width of the
blastoderm margin and is composed of two distinct layers - the outer layer (termed the
epiblast), whose cells migrate into the lower layer (termed the hypoblast), toward the
animal pole (Warga and Kimmel, 1990). Convergence movements (Fig. 3) then brig
cells from both the hypoblast and the epiblast toward, the dorsal side of the embryo
formg an embryonic shield (6 hpt) (Warga and Kiel, 1990). This region is
Animal pole
Figure 3. Involution, convergence and extension in a gastrula-stage
zebrafish embryo. Arrows indicate cellular movements. (From
Langeland and Kimmel, 1997).
Extension
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Figure 3
equivalent to Speman s organzer in the amphibian (Harland and Gerhar, 1997;
Speman and Mangold, 1924) or Hensen s node in the chick (Boettger et aI., 200 I;
Joubin and Stem, 1999), due to its abilty to produce a secondar embryonic axis in
transplantation experients (Saude et aI. , 2000). Mediolateral intercalations among the
cells in the embryonic shield then narow and extend (Fig. 3) in order to produce the
priar embryonic axis (Warga and Kimmel, 1990). The earliest cells involuting at the
embryonic shield (Fig. 3) give rise to the axial hypoblast (marked by the expression of
goosecoid) (Stachel et aI. , 1993) and the most anterior cells that progresses toward the
anal plate wil develop as the prechordal plate (Fig. 4A) (70% epiboly, 5 hpf)
(Warga and Kiel, 1990). Later involuting cells give rise to the chorda mesoderm
which form the notochord (marked by the expression of no tail) (Schulte-Merker et aI.
1992). At 80% epiboly (8.5 hpf), the paraxial hypoblast begins to segregate from the
axal hypoblast, which wil give rise to mesodermal derivatives that are located anteriorly
such as muscle tissue (which are involved controlling head and mouth movement) (Fig.
4B) (Durbin et aI. , 1998) or those which are located posteriorly such as the somites
(which control tail movement) (Thsse et aI. , 1993). These processes durng gastrlation-
involution, convergence and extension, fuction in properly orientating the anterior-
posterior axis and thus establishig the rudiment specified body plan for the developing
embryo.
t:1
k'j"
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Figure 4
Figure 4. Zebrafish embryonic development through late gastrula
and early segmentation stages. (A) 70% epiboly (7.5 hpt). Arrow
denotes the hypoblast of the prechordal plate. (B) 80% epiboly (8.
hpt). Arrows denote boundaries between the axial mesoderm in the
midline and the paraxial mesoderm. (C) 90% epiboly (9 hpt). Arow
denotes tail bud. (D) 100% epiboly (10 hpt). Arrow indicates the
polster and arowhead denotes the yolk plug closure site. (E) 2-somite
(10.7 hpt). Arow denotes boundary of second somite. (F) 2-somite
(10.7 hpt). Arows indicate notochord rudiment. (A C) Ventral views.
F) Dorsal views. (D E) Lateral views. Abbbreviations: hpf, hours
post fertilization. (Adapted from Kimmel et aI. , 1995).
Signaling molecules pattern the anterior-posterior axis of the gastrlating embryo
The anteroposterior patterg of the central nervous system is induced by a proposed
two-signal model (Nieuwkoop, 1952; Nieuwkoop and Weijer, 1978). The fist signal
(termed the activation signal) induces the formation of neural tissue through the
production ofBMP (bone morphogenetic proteins) antagonists such as Noggin (Lamb et
aI. , 1993; Zimerman et aI., 1996), Follstatin (Hemati-Brivanlou et aI. , 1994) and
Chordin (piccolo et aI. , 1996; Sasai et aI., 1995). The second signal (termed the
posterioriing signal or transformer), which fuher specifies the neuroectoderm into
distinct fates such as the hidbrain, include the Wnts (McGrew et aI., 1995), fibroblast
growth factors (FGFs) (Kengak and Okamoto, 1995; Lamb and Harland, 1995) and
retioic acid (RA) (Durston et aI., 1989; Papalopulu and Kitner, 1996).
Members of the Wnt famly, a group of secreted cysteine-rich glycoproteins , are
candidates for transformg signals (Lee and Jessell, 1999). The misexpression ofWnts
or its downstream signaling components result in the loss of anterior fates (forebrain) and
a posteriorization ofthe embryo (Nordstrom et aI., 2002). Genetic mutats that encode
for repressors ofthe Wnt signaling pathway also exhibit a similar phenotye (Heisenberg
et aI., 2001; Kim et aI. , 2000). However, the interference ofWnt signaling, through the
misexpression of domiant negative constrcts or antisense oligonucleotides, result in a
loss of hindbrain markers and an expansion of forebrain markers (Erter et aI. , 2001;
Lekven et aI., 2001). The misexpression ofWnt signaling inbitors, including dickkopfl
(dkkl) in zebrafish (Shinya et aI. , 2000) and cerberus in the mouse (Biben et aI. , 1998)
andXenopus (Glinka et aI., 1997), results in anteroriation of the embryo. Additionally,
Wnt signals are expressed in the lateral germ ring at the onset of gastrlation (Schneider
et aI. , 1996) and cells transplanted from the lateral germ rig to the anal pole can
induce hindbrain fates, while cells transplanted from the shield (dorsal organizer) cannot
(Woo and Fraser, 1997; Woo and Fraser, 1998). These results suggest that Wnt signals
specify posteror neural fates.
FGF signals also have a distinct role in the promotion of posterior fates in the
neuroectoderm (Storey et aI. , 1998). Loss of fuction analysis, though the disruption of
FGF signaling, results in a loss of posterior strctues in the caudal par of the embryo
while more anterior regions are unaffected (Grffm et aI., 1995; Pownall et aI., 1996).
Gain of fuction analysis, through misexpression, results in the development of caudal
(posterior) strctues at the expense of anterior derivatives (Griffm et aI. , 1995) or an
anterior shift of posterio gene expression into the hidbrain (pownall et aI. , 1996). These
studies reveal that FGF signaling is an importt contrbutor for posterioriation of the
embryo.
Retinoic acid (RA) signaling has been suggested to playa pivotal role in
promoting posterior fates within the neural ectoderm (Durston et aI. , 1989; Durston et aI.
1998). Misexpression ofRAresults in a loss of the anteror hidbrain, while the posterior
hindbrain is not affected (Godsave et aI., 1998; Hil et aI. , 1995; Holder and Hil, 1991)
and an anterior to posterior transformation of the rostral hindbrain is apparent
(Hauptman and Gerster, 1995; Marshall et aI. , 1992). Loss ofRA fuction studies
reveals an opposite phenotye to that of exogenous RA treatment. The use of domiant
negative RA receptors resulted in the anteriorization of the caudal hindbrain (van der
Wees et at, 1998) while treatment with a RA receptor antagonist resulted in a simlar
phenotye (caudal hindbrain assumg a more rostral-like state) (Dupe and Lumsden
2001). Interestigly, a zebrafish mutant for an enze in the RA biosynthesis pathway
exhbited a trcation of the posterior hidbrain (Begemann et at , 2001). Other
candidates that participate in posterioriing the embryo include downstream repressors of
the Nodal-signaling pathway. The misexpression of an Nodal antagonist (antivin) 
genetic mutats that have disrupted Nodal signaling (such as cyclops and squint) leads to
an elimiation of posterior fates withn the neuroectoderm (Feldman et at , 1998;
Gritsman et at, 2000; Thisse et at, 2000). Zebrafish embryos, mutant in the Mix
homeodomain gene bonnie and clyde (bon) (which fuctions downstream of Nodal
signaling), exhibit a reduction in the anterior neuroectoderm (Tri Ie et at , 2003). Taken
together, these studies indicate that posterior specification of the neuroectoderm involves
the collective activity of multiple pathways including components of the Wnt, FGF and
RA signaling cascades.
The end of gastrlating movements within the embryo coincides with the formation of the
prospective neuroectoderm and subsequent segmentation of the hindbrain
Towards the end of gastrlation (90% epiboly, -9 hpf), only the vegetal pole of the yolk
(tered the yolk plug) is left uncovered by the enveloping blastoderm (Fig. 4C). At this
stage, the epiblast layer begins to thicken anteriorly, at the dorsal midline, in order to
form the neural plate at the prospective head region (Driever et at , 1997). Unlike the
more lateral and ventral epiblast cells that remain cuboidal, cells that form the neural
plate adopt a more columar shape (Fig. 5A) (Concha and Adams, 1998). This region
represents the fist morphological indication of the rudiment central nervous system. The
anterior prechordal plate is also apparent, as it enlarges prominently and forms a bulge
which gives rise to the hatching gland (termed polster) (Fig. 4C) (Shih and Fraser, 1996).
At bud stage (100% epiboly, 10 hpf), the blastoderm completely covers the yolk, marking
the end of gastrlation. Morphogenetic movements that occur durg gastrlation
(involution, convergence and extension) commences, except for a distinct region located
at the yolk plug closure site (termed the tail bud), which wil begin to enlarge and extend
in order to give rise to the posterior tr and the embryonic tail (Fig. 4D) (Solnica-
Krezel et aI. , 1995).
After gastrlation establishes the priary germ layers and the embryonic axs, a
series of concurent morphogenetic processes tae place in order to designate and define
distinct visible rudiment body derivatives (termed the segmentation period, after 10 hpf).
One such event, which is used as a staging index for zebrafish development, is the
appearance of somites (Fig. 4E) (Kan and Ho, 1997). These undifferentiated
mesodermal components develop bilaterally and sequentially arise in the tr and tail.
Somites consist of a lateral dermamyotome, which gives rise to chevron-shaped
myotomes and develop as muscle segments, and a medial sclerotome, which gives rise to
the vertebral carilage (Bernardt et aI. , 1998; Stickney et aI. , 2000). A second
differentiating strctue that is apparent durg segmentation is the notochord (Fig. 4F).
These cells transiently appear as a colum of coin-like unts then, as some cells swell and
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Figure 5. Neurulation in the zebrafish embryo. (A) Presumptive neuroectoderm condenses
to form the neural plate at late gastrula. (B) Neural plate condenses and infolds to form the
neural keel during segmentation stages. (C) Neural keel then infolds and rounds up into a
cylindrical neural rod. (0) Neural rod is then formed by cavitation. (Adapted from
Langeland and Kimmel, 1997).
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become vacuolated in an anterior to posterior maner, elongate to form a rod surounded
by an epithelial sheath (Kel et aI., 1995).
At the onset of segmentation, the neuroectodermal priordium undergoes a series
of highly defmed transformations in order to properly form the central nervous system
(CNS). The thickened neural plate of columar cells begins to condense and inold at the
midline (13 hpf), causing epithelial cells that were originally at the outermost side of the
neural plate (apical cells) to meet and form the neural keel (Fig. 5A B) (Strahe and
Blader, 1994). Even though the neural keel is uniform in lengt, extensive morphogenesis
is apparent such that the anterior region, which wil give rise to the brain rudient
enlarges in comparson to the more posterior region, which wil develop into the spinal
cord rudiment (Fig. 6A) (Lumsden and Krlauf, 1996). As the neural keel continues to
infold, a solid cylindrcal neural rod is formed (16 hpf) which then subsequently hollows
out to form the neural tube (Fig. 5C D) (Strahle and Blader, 1994). This process is termed
secondar' neuration, due to the fact that in 'priar ' neurlation (as with most
vertebrates including amphibians), the neural plate infolds diectly to form a hollow
neural rod rather than undergoing an intermediate stage where a transient neural keel
form into a solid rod that is not hollowed out yet (Concha and Adams, 1998; Kiel 
, 1995; Wilson and Hemmati-Brivanlou, 1997). Shortly after formation of the neural
rod (18 hpf), the brain rudient is paritioned into about ten distinct swellings, termed
neuromeres, prominently subdivided by constrctions that appear thoughout its lengt
(Fig. 6B) (Kiel, 1993). These subdivisions mark the morphological appearance of the
segmenting central nervous system.
Figure 6. The prospective zebrafish brain is paritioned into neuromeres. (A) No
morphological subdivisions are evident in the neural analge (12 hpf). (B) Brain is
subdivided into ten neuromeres (18 hpf). (C) Brain undergoes distinct
morphogenesis (24 hpf). Abbreviations: hpf, hours post fertilization; T
telencephalon; D, diencephalon; M, midbrain; r, rhombomeres; E, epiphysis; C,
cerebellum; FP, floor plate. Brain rudiment is shown at lateral views, with anterior
to the left. (Adapted from Langeland and Kimmel, 1997).
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Segmentation of the hindbrain reveals the formation of several specialized strctures
The neuromeres consist of thee subdivisions located rostrally - the diencephalon and
telecephalon, which correspond to the forebrain, and the mesencephalon, which
corresponds to the midbrain (Fig. 6B) (Kel, 1993). The seven neuromeres that are
located caudally are termed rhombomeres (r) and they subdivide the hidbrain
(Haneman et aI., 1988). The genes that regulate this process wil be discussed in detail
in the next few sections. Durg late stages of the segmentation period (24 hpt),
additional sculptug of the brain rudiment is evident (Fig. 6C). These consist of an
expansion of the ventral diencephalon, which wil go on to form the hypothalamus
(posterior pituitar gland) (Wullimann and Puelles, 1999; Wullmann et aI., 1999); a
swelling in the midline of the diencephalon roof, which wil give rise to the epiphysis
(pineal primordium) (Ross et aI. , 1992); subdivision of the mesencephalon to the dorsal
midbrain (optic tectu) (Schmtt and Dowling, 1994) and the ventral midbrain
(tegmentu) (Wilson et aI. , 2002); formation of the cerebellum, arsing from the
posterior midbrain and anterior hindbrain (Koster and Fraser, 2001); and the floor plate,
extending thoughout the ventral midline (excluding the forebrai region) (Roelink et aI.,
1994).
Another group of specialized tissue that is established durg segmentation is the
formation of sensory placodes (Fig. 7). As mentioned above, the optic priordium arises
laterally from the mesencephalon (midbrain) and develops into a two-layered optic cup
(11.5 hpt) (Schmtt and Dowling, 1994). The inner layer wil then form into the neural
Spinal cord
Notochord
Somites
Figure 7. Prominent features of a prim-5 stage zebrafish embryo (24 hpf).
Various structures are labeled. Sensory organs include the eyes, ears (otic
vesicles) and nose (olfactory placodes). Abbreviations; hpf, hours post
fertilization. (From Langeland and Kimmel , 1997).
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retina while the outer layer develops as the pigmented retina. Positioned at the anterior
periphery of the optic priordium are the olfactory p1acodes, which develop into highly
specialized chemosensory cells (Hansen and Zeiske, 1993). At 16 hpf, located between
the optic and olfactory placodes are the trgeminal ganglion, a group of differentiated
touch-sensory neurons (Metcalfe et aI. , 1990). Also at ths stage, the otic placode is
readily distiguishable between the optic vesicle and the fist somite (Haddon and Lewis
1996). The priordium of the ear hollows out and forms the otic vesicle, which lies
adjacent to the brain rudient, level to r5 (Fig. 7). This vesicle contains two small
otoliths and develops into the organ necessar for hearg and balance. Lastly, lateral-line
placodes form mechanosensory ganglion cells that migrate the lengt of the embryo and
function in detecting water movement (Kuwada et aI. , 1990).
Concomitant with the partion events of the segmentation period is the
appearance and differentiation of priary neurons (Gruwald et aI. , 1988). These
include: motor neurons, which develop adjacent to each somite in the spinal cord and
innervate dorsal and ventral body muscle (Eisen et aI. , 1986; Myers et aI. , 1986;
Westerfeld and Eisen, 1988); touch sensory neurons, which are present in the brain
(trgemial ganglion) and dorsal spinal cord (Rohon-Beard neurons) (Metcalfe et aI.,
1990); and reticulospinal and branchiomotor neurons, whose pattern corresponds to the
characteristic segmental organization of the hindbrain (Fig. 8) (Trevarow et aI. , 1990).
The hindbrain reticulospinal neurons are organized into seven bilateral groups
aranged periodically along the neural axis (Fig. 8A) (Metcalfe et aI. , 1986). The
approximately one-hundred reticulospinal cells are present in thee clusters in the rostral
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Figure 8. Segmental pattern of neurons in the zebratish hindbrain.
(A) Reticulospinal neurons. Conofocal image of a 5-day old
zebrafish embryo in which the neurons are visualized by retrograde
filling with lysinated rhodamine-dextran. Names of individual
neurons and rhombomeres (r) are indicated. Bilateral pair of
Mauthner neurons are at r4. Anterior is to the top. (Adapted from
Moens et aI. , 1996). (B) Branchiomotor neurons are shown
schematically. Location of branchiomotor nuclei (V, VII, IX and X)
and their projections into the pharyngeal arches (m, h, gl and g2-
are shown. Anterior is to the left. Abbreviations: C, cerebellum; m,
mandibular arch; h, hyoid arch; gl-5, gil arches 1-5; rl-
rhombomeres 1-7; oto, otocyst; chb , caudalmost hindbrain; sc,
spinal cord; fp, floor plate. (Adapted from Chandrasekhar et al.,
1997).
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region (Ro), three clusters in the middle region (Mi) and at least one cluster in the caudal
region (Ca) in the hidbrain (Haneman et at, 1988). Their respective axons project into
the spinal cord along two major routes - the medial longitudinal fascicle (mIf) and the
lateral longitudinal fascicle (llf). There are 27 tyes ofreticulospinal neurons and
nieteen are present as single identified cells on each side of the midline (Metcalfe et at
1986). One promient reticulospinal neuron is the Mauther cell, residing in rhombomere
, which is involved in the intiation and control of an escape response from a predator
(Foreman and Eaton, 1993; Metcalfe et at , 1986).
The branchiomotor neurons in the hidbrain are present in a segmental pattern
that correlates with the organization ofrhombomeres (Fig. 8B) (Chandrasekhar et aI.
1997). These motor neurons fuction in inervations of the phargeal arch musculatue,
which contrbutes to the proper formation of craniofacial strctues such as the jaw
skeleton, essential mouth supports and the gils (Schilling and Kiel, 1994).
Trigeminal motor neurons (nY), which are located in an anterior cluster in r2 (Va) and a
more posterior cluster in r3 (Vp), project their axons out at a common hidbrain exit
point, r2, in order to inervate the mandibular arch (Higashijima et aI. , 2000). Facial
neurons (nVII), which are specified in r4, subsequently migrate posteriorly into r5 , r6 and
r7 before taking up residence in r6 and r7 (Chandrasekhar et aI. , 1997). Their axons then
extend rostrally to exit r4 and inervate the hyoid arch. Glossophargeal neurons (nI
are located in r7 and extend their axons rostrally to exit r6 to inervate the fIrst gil arch
(Chandrasekhar et aI. , 1997). Finally, the vagus motorneurons (nX), which are located in
the caudal-most hidbrain region, extend their axons from the same region to inervate
the second to fift gil arches (Chandrasekhar et aI. , 1997).
The last major morphogenetic event that occurs durg the segmentation period is
the formation and differentiation of specialized migratig cells known as the neural crest
cells (Bronner-Fraser, 1994; Lumsden et aI. , 1991). These cells are present at the dorsal-
most region of the neural tube and are capable of migratig extensively thoughout the
embryo via distinct pathways and generate an array of cell tyes (Le Douari et aI.
1993). Neural crest cells are classified as cranal, hidbrain, vagal or tr, according to
their anterior to posterior location, and give rise to sensory neurons, glia cells,
melanocytes (pigment cells), and bones and cartilage of the facial and visceral skeleton
(Anderson, 1997; Anderson et aI., 1997).
. The subdivisions of the rudimenta hidbrain formed durg the sementation
period underlie the development of thee adult hidbrain regions - the pons, cerebellum
and medulla oblongata (Fig. 9) (Kandel et aI. , 1991). The medulla oblongata, which
resides directly anterior to the spinal cord, contains a network of cell groups (termed
reticular formation) involved in autonomic (involunta) fuctions such as respiration
digestion and hear rate control. The pons , which is located anterior to the medulla
transmits movement information from the cerebru to the cerebellum. These two
strctues, including the midbrain, form a 'brain stem ' involved in conveying signals
from the brain to the spinal cord and vice-versa, receiving sensory information from the
ski and muscles of the head and control motor movements of the head includig the
face, neck and eyes. The cerebellum, located besides the pons and medulla, is involved in
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Figure 9. Anatomical representation of the human central nervous system.
The six main parts are labeled including the major lobes, gooves (gyri and
sulci) and ganglia. The brain is also subdivided into the forebrain , midbrain
and hindbrain. Brainstem and spinal cord components are labeled. (From
Kandel et aI. , 1991).
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the coordination of movement and the learg of motor skills, and is connected to the
brain stem though thee major fiber tracks termed peduncles.
Regionaliation of the hindbrain
Before rhombomeres are apparent as transient bulges along the anterior to
posterior axis of the developing hidbrain, restrcted gene expression patterns predict
their comparentalization. These segmentation genes, which include transcription
factors and signaling molecules , serve as signals to not only initiate the formation of
individual rhombomeres, but also their consequential specification and segmentation.
Loss of fuction analyses of these genes reveals that parial or entire segments of the
hindbrain are lost. The mechanisms that determne and regulate cell identity suggest that
complex processes synergie to demarcate the presumptive rhombomeres into a
progressive, fuctional hindbrain.
FGF signals pattern the anterior and posterior hindbrazn
Time-lapse analyses of zebra fish hindbrain development reveal that r4 is the fIrst
rhombomere to form (Maves et aI. , 2002). The earliest rhombomere boundares that are
morphological distinguishable are the r3/r4 and r4/r5 boundares , which first appear at the
5-somite stage ( II.6 hpf), with the remaining boundaes forming by the 10-somite
stage (14 hpf) (Moens et aI. , 1998). The priar differentiation ofr4 suggests that this
rhombomere may promote the subsequent development of adjacent rhombomeres
though secretion of signaling factors. Indeed, the fibroblast growt factors (FGF) 3 and 8
are both expressed in the presumptive r4 at 9 hpf (90% epiboly) and 7.5 hpf (70%
epiboly), respectively (Maves et aI. , 2002; Reifers et aI. , 1998). Loss of fuction analyses
with FGF3 , through the use of an antisense morpholino oligo (Maves et aI. , 2002), or
FGF8 , through the use of zebra fish mutat (acerebellar) line (Brand et aI. , 1996; Reifers
et aI. , 1998), reveals no dramatic effects on hidbrain patterng. However, loss of both
FGF3 and FGF8 fuction results in a severe effect - subsequent gene expression is lost in
r5 and r6 (and parially in r3) with no effect on r4 (Maves et aI., 2002). Ths indicates that
FGF3 and FGF8 signals from r4 normally promote the development of r5 and r6 (Fig.
10).
Transplantation experients, in which r4 cells from an early I-somite stage donor
embryo are transplanted into the ventral ectoderm of a shield-stage host, revealed that r4
cells are sufficient to induce r5/r6 development (Maves et aI. , 2002). Mosaic analyses, in
which anial pole cells from a donor embryo are transplanted into a host embryo without
FGF3 and FGF8 signals, revealed that wild-tye cells can parially rescue r5 gene
expression (Maves et aI. , 2002). Gain of fuction analysis, through the misexpression of
fgf andfgf, reveal that these FGF signals can induce the expression ofr5 and r6 genes
(Maves et aI. , 2002). Taken together, this indicates that FGF signals, derived from r4
fuctions as a signaling center in the hindbrain and are necessar for the promotion of r5
and r6 development (Fig. 10).
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Figure 10. Fibroblast growth factors pattern the anterior and posterior hindbrain.
Schematic figure of the zebrafish hindbrain ilustrating that FGFs signals define
the r1 ternitory and promotes the development of r5/r6, r3 and otic vesicle.
Abbreviations: FGFs , fibroblast growth signals; rl- , rhombomeres 1-7; ot, otic
vesicle. Anterior is to the left. (Adapted from Maves et ai. , 2002).
FGF signaling is also involved in patterng the anterior hindbrain though a
conserved organizing center, the midbrai-hindbrai boundar (MH) (Iring and
Mason, 2000). Zebrafish mutat embryos, defective in FGF8 (acerebellar), lack both the
MH and the cerebellum (Furauer et at , 1997; Reifers et at, 1998). Fate mapping
experiments indicate that rl contrbutes to the formation of the cerebellum (Koster and
Fraser, 2001) but it has been suggested that rl is actually composed of two distinct
domains - an anterior portion, termed rO, which corresponds to the upper rhombic lip and
gives rise to the cerebellum and a thiner posterior portion, and the rl domain, which
gives rise to neurons in the ventral brain stem (Koster and Fraser, 2001; Vaage, 1969;
Wing te and Hatten, 1999). In the absence ofFGF8 at the MHB in the acerebellar
mutants, locus coeruleus (LC) noradrenergic neurons, normally present in the anterior
region ofrl (or rO, see above), are lost (Guo et at, 1999). These results indicate the FGF8
signaling from the MH is necessar for the proper formation of the anterior hindbrain
(Fig. 10). Additionally, these FGF8 mutats exhbit an expansion offgfr3 expression into
the midbrain, the MHB and the cerebellum (whereasfgf3 expression normally presides
in the posterior region ofrI, the anterior midbrain and the posterior forebrain) (Sleptsova-
Friedrch et at, 2001). This indicates that FGF8 signals may exclusively repress the
expression offgf3 from the anterior porton ofrl in order to properly segment the
cerebellum from the posterior portionofrl. Furer examples ofFGF8 involvement in
influencing hindbrain patterng include the implantation of beads containing anti-FGF8
antiseru, which resulted in an anterior expansion of r2-gene expression into r 1 (Iring
and Mason, 2000), and application ofa specific FOF receptor inbitor, which lead to a
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strong reduction ofr3/r5/r6 gene expression in the hidbrain (Mar and Charay, 2000).
Tissue-specific inactivation of a FOF receptor lfgfr 1) in mice embryos resulted in severe
abnormalities in the cerebellum (rl), in addition to defects in the midbrain (Trokovic et
a1. , 2003). Taken together, these experients clearly demonstrate that FGF signals playa
pivotal role in patterning the anterior hidbrain.
pou2 controls r2 and r4 development
Another gene that is expressed in the hidbrain prior to morphologically visible
segmentation ispou2 (Hauptman and Gerster, 1995; Takeda et a1., 1994), a transcription
factor that contains a biparite DNA-binding domai consisting of a homeodomai and a
POU -specific domain (Ryan and Rosenfeld, 1997). At the end of gastrlation, pau2 
expressed as a transverse strpe in the prospective hidbrain that is resolved into two
bilateral patches that correspond to the presumptive hindbrain domains r2 and r4
(Hauptman and Gerster, 1995). Analyses of spiel-ohne-grenzen (spg) zebrafish mutants,
which have lesions in the pou2 gene, reveal that in addition to defects in the midbrain
these embryos also lack the midbrain-hindbrain boundar and the cerebellum (Belting et
a1., 2001; Burgess et a1., 2002; Hauptman et a1., 2002): The expression ofpou2 
acerebellar (ace) mutants, which are inactive for FOF8, indicate that the initiation of
pou2 expression in hindbrain occurs independently ofFOF8 signaling (Belting et aI.,
2001). spg (pau2) mutants were found to have a marked reduction in several genes
involved in the initiation of rhombomcre formation, such as those expressed from r3 and
r5, concomitant with an enlargement of the r2 and r4 gene expression domains (Burgess
et aI., 2002; Hauptman et aI., 2002). The size and shape ofrhombomeric terrtories also
appear to develop abnormly in spg mutants, as indicated by the reduction ofrl, r3 , r5
and r6 terrtories, while those of r2 and r4 are enlarged. spg mutants also display
mispositioned or absent rhombomere boundares and an alteration in the segmental
pattern of reticulospinal neurons. In addition pou2 fuction was found to be importnt
for the expression of gbx2 in the hindbrain priordium (Reim and Brand, 2002; Rh 
aI., 2003). Morphological analyses of mice homozygous for a deletion allele ofgbx2
reveal that the anterior hindbrain is abnormal and motor neurons which are derived from
rl (locus coeruleus) and r2/3 (Vth motor nucleus) are absent (Wassaran et aI., 1997).
The pou2 gene also appears to mediate the competence of neuroectodermal cells to
respond to FGF8 signaling (Reim and Brand, 2002). With the fmdig that pou2 
expressed in the hidbrain prior the activation of genes that are expressed in the
presumptive rhombomeric terrtories advocates that pou2 fuctions as an early essential
component of the cascade of regulatory events controlling regionalization of the
hindbrain.
krox20 initiates and maintains the formation ofr3 and r5
The early hindbrain also requires krox20, a transcription factor with thee C2H2 tye zinc
fmgers, for the initiation of the presumptive r3 and r5 terrtories into distinct
subdivisions. This gene is expressed in the prospective neuroectoderm at the end of
gastrlation (100% epiboly, 10 hpf) first as an anterior strpe, then followed by a second
posterior strpe around II hpf(Oxtoby and Jowett, 1993). These regions correspond to r3
and r5 , before morphological distinguishment of these rhombomeres are apparent. The
mouse krox20 gene was found to be activated early durg the GO/GI transition in
cultued cells, indicating that this factor is liely involved in the control of cell
proliferation (Chavrer et aI. , 1988) and fuctions as a transcriptional activator (Chavrer
et aI. , 1990). Ectopic expression of krox20 through the use of electroporation on the
developing chick hindbrain, confers odd-numbered rhombomereidentity (r3 and r5) to
even-numbered rhombomeres (r2, r4 and r6) (Giudicell et aI., 2001). The change in
identity occurs though a cell-autonomous manner since electroporations that were
performed after the establishment of cell-lineage restrction comparents resulted in the
formation of patches with an r3-like identity in r2. Ectopic krox20 could also pattern the
hidbrain though a non cell-autonomous mechansm since electroporated mouse krox20
induces the expression of endogenous chick krox20 in large cell patches throughout the
hidbrain (Giudicell et aI. , 2001).
Analyses of homozygous krox20 mice mutats reveal that while segmentation in
the hidbrain is maintained, there is a complete disappearance of r3 and r5 (Fig. II)
(Schneider-Maunour et aI., 1997; Schneider-Maunour et aI., 1993; Swiatek and
Gridley, 1993; Voiculescu et aI., 2001). Cells normally fated to become r3 instead
acquire r2 or r4 identity while r5 cells acquire r6 identity. The rhombomere boundares
corresponding to r2/r3, r3/r4 and r4/r5, r5/r6 are no longer visible. The loss ofr3 and r5
appear to have a substantional effect on the segmental organization of neurons in the
hindbrain (Fig. II). Trigeminal motor neurons (Vth nerve), which reside in
subpopulations form rl to r3 , are reduced and instead of inervating the fIrst branchial
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Figure 11. Homozygous krox20 mice mutants display segmental and neuronal hindbrain
defects. Schematic representation ofbranchiomotor neurons in the hindbrain of control
and krox20-
/- 
mice. Trigeminal (red), facial motor (dark blue), facial (light blue),
abducens (orange), r6-derived facial (light purple), glossopharyngeal (green) and vagus
(pink) neurons are shown. Abbreviations: rl- , rhombomeres 1-7; gV, gill innervated by
the Vth motor neuron pool; gYll, gil innervated by the facial motor neuron pool; BAI-
branchial arches 1-4; ov, otic vesicle. Anterior is to the top. (From Schneider-Maunoury
et aI., 1997). 
arch, they fasciculate with facial motor neurons (Vth) from r4 into the second branchial
arch. The abducens nerve (Vth) is absent and a population of facial neurons appears to
arse from r6 and inervate the second branchial arch. The glossophargeal neurons
(IXth) from r6 and the vagus motor neurons (Xth) from r7 appear to be partially fused
but migrate normally to inervate the thd and fourh branchial arch, respectively.
Since some r3 and r5 cells persist in homozygous 
krox20 mice mutants at an early
stage, but then are integrated into neighboring rhombomeres, suggests that krox20
maintains its own expression in r3 and rS. It has been proposed that 
krox20 is fIrst
activated in a few cells, in the prospective r3 and r5 regions, and then recruits its own
expression in nearby cells by a non cell-autonomous maner. Maintenance and regulation
of krox20 expression is then conferred by an auto-regulatory loop in a cell autonomous
process. In addition krox20 expression is also mediated by the co-repressors NAB I and
NAB2 in a negative feedback loop (Mechta-Grigoriou et aI. , 2000; Russo et aI. , 1995;
Svaren et aI. , 1996). The mouse NAB proteins were found to repress krox20
transcriptional activity in cultued cells presumably though a transcription repression
domain (Russo et aI., 1995). The expression patterns 
ofnabl and nab2 closely overlaps
with that of krox20 in the developing mouse hidbrain demonstrating that these genes
may regulate each other in vivo. Homozygous 
krox20 mice mutants do not express either
nabl or nab2 indicating that these genes are in fact downstream of 
krox20 (Mechta-
Grigoriou et aI.
, 2000). The ectopic expression ofnabl or nab2 resulted in an alteration
of r3 and r5 terrtories in which genes expressed in the r3 and r5 regions were reduced or
appeared misshapen and the r4 region was expanded (Mechta-Grgoriou et aI. , 2000).
These results indicate that the nab genes can antagonize krox20 activity and in tu
krox20 can control the expression of its own antagonists in a regulated negative feedback
maner. Thus, both gain of fuction and loss of fuction analyses determe that krox20
is a key regulator in controlling early regionalization of the hindbrain. In addition krox20
is involved in the mediation of numerous specific genes expressed in the developing
hidbrain (Nonchev et aI., I996a), and ths wil be discussed in greater detail in the next
section.
valentino subdivides a proto-segment into the r5 and r6 domains
Another regulatory gene involved in the establishment and maintenance of a specific
terrtory into distinct rhombomeres is the basic leucine zipper transcription factor
valentino (or in the mouse kreisler) (Cordes and Barsh, 1994; McKay et aI. , 1994;
Moens et aI. , 1998; Moens et aI. , 1996; Price et aI. , 1998b). The presumptive r5-r6
domain initially appears as a proto-segment that subsequently subdivides and expands
into defInitive rhombomeres. Time-lapse observations indicate that the r5/r6 boundary
becomes visible after the appearance of the r4/r5 and r6/r7 boundares (Moens et aI.,
1998). Analysis of valentino mutat embryos reveal that the hindbrain is reduced by the
length of one rhombomere and a region, rX, remains and fail to form boundares
subdivide or develop into r5 and r6 (Moens et aI. , 1996). Although the priar
reticulospinal neurons, characteristic of r5 and r6 , are stil present in rX (however they
are clustered together due to the shortened interval), motor neurons of the abducens
cranal nerve (Vth) are almost absent in valentino mutat embryos (Moens et aI. , 1996).
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Mosaic analysis demonstrates that valentino is required for cells to contrbute either to r5
or r6 since the distrbution of mutat (valentino") cells in a wild-tye host embryo are
excluded from r5 and r6 (Moens et aI. , 1996). These results indicate that the expression of
valentino in r5 and r6 is required for the proper cell identity and division of the r5-r6
proto-segment into distinct domain. The segmentation gene valentino is also likely
involved in the regulation (and fuction upstream) of genes expressed in r5 and r6 since
valentino mutat embryos exhbit an expansion of r4 genes into the posterior hidbrain
(Price et aI. , 1998b). Ths result could be due to either the loss of inhbition for r4 gene
expression in the r5-r6 domain or to an absence of the r4/5 boundar (Price et aI.
1998b).
valentino appears to be regulated by the homeobox transcription factor vhnfl
(variant hepatocyte nuclear factor 1) since vhnfl mutant embryos , simlar to valentino
mutat embryos , exhibit a loss of gene expression in r5 and r6 and a transformation of
this region to an r4-1ike identity (Sun and Hopkis, 2001; Wiellette and Sive, 2003).
Since vhnfl mutat embryos were found not to express valentino and the misexpression
ofvhnj1 in wild tye embryos resulted in a rostral expansion ofr5 genes (including
valentino), vhnf1 was suggested to fuction upstream of valentino (Sun and Hopkis
2001). It is likely that vhnj, synergizing withfgf andfgf signals, promotes the
expression of valentino and thereby establishing r5 and r6 identity (Wiellette and Sive
2003). Additionally, vhnj is expressed in the prospective hindbrain durng late
gastrlation (Sun and Hopkis, 2001), suggesting that ths gene can fuction as an early
regulator of segmentation in the hidbrain.
Specification of rhombomere identity
Whle the genes discussed in the previous section represent those that are
involved for establishig a segmental pattern, factors that mediate the differentiation of
individual rhombomeres are classified as segment identity genes. Loss of fuction
analyses of these genes reveals that while individual segments are maintained, the
rhombomeres are tranformed with an altered identity. Gain of fuction analyses
indicates that these factors can transform the characteristics of one paricular segment
into another. Thus, segment identity genes fuction in establishig specification of
rhombomere identity and mediation of proper hidbrain segmentation.
Rhombomere identity is conferred by the hox genes
The hox genes, a conserved famly of transcription factors related to the Drosophila
Homeotic genes, are defmed by a 60-amo acid DNA-binding region termed the
homeobox (Krlauf, 1994; McGinis and Krlauf, 1992; Scott and Weiner, 1984;
Scott et aI. , 1983). Phylogenetic analysis reveal that zebrafsh hox genes are organized
into seven clusters (Amores et aI., 1998), in which each gene is assigned to one of
thieen paralogue groups (Scott, 1992). hox genes from paralogue groups 1 though 4 are
found to be expressed in the developing hindbrain durg late gastrla stages (Prince et
aI. , 1998a; Price et aI. , 1998b). hoxbla (fuctional equivalent to hoxbl in mice) and
hoxb 1 b (fuctional equivalent to hoxal in mice) are both expressed in the presumptive r4
region (Amores et aI., 1998; McClintock et aI. , 2002; Price et aI. , I998b). The
expression of hoxbl b in r4 is transient - by segmentation stages hoxbl b expression
recedes caudally to the tr of the embryo (Alexandre et aI. , 1996). Whle the
expression of hoxbla in the caudal hidbrain is also gradually lost (price et aI. , I998b),
an auto-regulatory positive feedback mechanism has been suggested to maintain the
expression of hoxbla in r4 (popped et aI., 1995). Other genes expressed in the hidbrain
durg late gastrla include hoxa2 in the presumptive r2/r3 (weakly expressed in the
presumptive r4/r5), hoxb2 in the presumptive r3/r4/r5, hoxb3 in the presumptive rS/r6 and
hoxd4 (or hoxb4) in the presumptive r7 (Fig. 12) (price et aI., 1998a; Price et aI.,
1998b ).
In recogntion of the simlar expression patterns between vertebrates, analysis of
homozygous mice with targeted disruptions in the hox genes give insight to their
counterpar fuction in the zebrafish hindbrain. Mice mutat in hoxb (hoxb a) exhbit a
loss ofr4-derived facial (Vth) motorneurons (Goddad et aI. , 1996; Studer et aI. , 1996).
This phenotye is simlar to hoxbl deficient zebrafish embryos, in which VIth nerve
cell bodies fail to migrate (McClintock et aI., 2002). Ectopic expression of hoxbl a 
zebrafish reveal that r2 undergoes a r4 transformation hoxb 1 a expression is apparent in
r2, Mauthner neurons that normally reside in r4 are ectopically present from r2 to r4 and
ectopic vestibular (nV) neurons form at r2 (McClintock et aI., 2001). In addition,
localized misexpression of hoxbl (hoxbla) in chick embryos resulted in the loss ofr2
motor neurons and presence ofr4-like motor neurons in r2 (Bell et aI., 1999). Mice
Figure 12
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hoxb4
Figure 12. Gene regulatory interactions leads to proper segmental hindbrain patterning in the
zebrafish embryo. Dark boxes correspond to gene expression domains, with light boxes
denoting low expression levels. Arows indicate regulatory relationships. Hindbrain is depicted
with anterior to the left. Abbreviations: rO- , rhombomeres 0-7. (Adapted from Waskiewicz
et aI. , 2002).
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mutat in hoxal (hoxb 1 b) exhbit altered rhombomere comparents in which r5 is lost
r4 appears to be dimished and the r3 region is expanded (Barow et aI. , 2000; Carenter
et aI. , 1993; Mark et aI. , 1993). Simlarly, loss of hoxblb fuction in zebrafish embryos
resulted in an expansion ofr3 and a reduction of the r4-r6 domains (McClintock et aI.
2002). Transgenic mice ectopically expressing hoxal (hoxblb) exhbit r4-gene
expression markers in r2/r3 and r2-derived neurons were transformed into neurons with
r4-identity (Zhang et aI. , 1994). Likewise, ectopic expression of hoxbl bin zebrafish
embryos resulted in a posterior transformation ofr4 to r2 - r4-specific gene expression is
present in r2 and r4-characteristic Mauthner neurons and motor neurons of the VIIth
nerve form in r2/r3 (Alexandre et aI. , 1996; McClintock et aI., 2001). Mice deficient in
the hoxa2 gene exhibit a transformation of the second phargeal arch into fIrst arch
identity (Gendron-Maguire et aI. , 1993; Rijli et aI. , 1993), while ectopic expression of
hoxa2 in Xenopus results in a reversed phenotye to that of the loss of fuction mutant
(Pasqualetti et aI. , 2000). In all, these gain- and loss- of fuction phenotyes reveal that
hox genes faciltate the identity of individual segments into distinct rhombomeres with
specific gene expression profies and neuronal cell sub-tyes.
The resulting alterations in rhombomere specificity and neuronal differentiation
that arse from the distubance of hox fuction suggest that these genes are tightly
regulated (Fig. 12). Double mutats, lackig both hoxbl and hoxal fuction, reveal that
hoxbl expression in r4 is established and maintained through the presence of both hoxbl
and hoxal (Gavalas et aI. , 1998; Rossel and Capecchi, 1999; Studer et aI. , 1998). Mutants
analysis extend these observations to suggest that hoxbl b (hoxal) is required for the
initial expression of hoxbla (hoxbl) in the anterior region ofr4 (Barrow et aI. , 2000;
McClintock et aI., 2001) and hoxb2 in r4 (Maconochie et aI. , 1997). The segment identity
hox genes not only regulate their own expression but also are diectly affected by the
presence ofpriorly expressed segmentation genes (Fig. 12). krox20 regulates the
expression of hoxa2 (Maconochie et aI. , 2001; Nonchev et aI., 1996b) and hoxb2 (Sham
et aI. , 1993) in r4 and hoxb3 (Seitanidou et aI. , 1997) in r5. In some cases, the activities of
hox genes are found to have a synergistic effect on genes involved in segmentation. The
phenotyes (see above) of hoxal-deficient mice become more severe with the additional
inactivation of one krox20 allele, suggesting that hoxal signals may synergize with
krox20 to specify and maintain r3-cell identity (Helmbacher et aI. , 1998). The
involvement of segmentation genes regulating segment identity genes (Fig. 12) is fuher
implicated with the finding that vhnfl activates valentino expression in r5 and r6 (Sun
and Hopkis, 2001; Wiellette and Sive, 2003), which in tus regulates the expression of
krox20 and hoxb3 in r5 (Manzanares et aI. , 1997; Manzanares et aI. , 1999b; Price et aI.
1998b) and the expression of hoxa3 in r5 and r6 (Mananares et aI. , 2001; Mananares et
aI. , 1999a). The gain- and loss- of fuction phenotyes reveal that hox genes not only
confer segment identity but also may playa role in the organization of segmentation. The
widespread appearance and simlar expression patterns of hox genes in evolutionar
distict organsms signfy their dual fuctional role and importance for proper
development of the hidbrain.
The activity of hox genes durg hidbrain development is also regulated by their
association with the DNA binding-cofactors, Pbx and Meis, which are members of the
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TALE (Thee Amo acid Loop Extension) homeodomain family (Mann and Affolter;
1998). Elimation ofpbx4 fuction, though the use of homozygous mutat embryos
with a recessive lethal allele (lazarus), results in the disruption of segmentation and
segment identity in the hindbrain (Popperl et aI., 2000). Specifically, krox20 expression
in r3 and r5 is reduced, with r3 failing to maintain its own expression while hox gene
expression from r3 to the r6/7 boundar also fail to maintain its expression. In addition
motor neurons that originate from r4 fail to migrate posteriorly and r4-specific Mauther
cells are absent. These pbx mutants mimc the loss of hox fuction phenotyes in the
mouse (see above) suggesting that pbx through their interaction with the hox cofactors, is
required for the proper coordination of head segmentation. Furhermore, the elimination
of pbx4 and pbx2 fuction results in an anterior transformation of cell identities from r2
to r6 to that of r I , revealing that pbx activity is essential for specification of segment
identity (Waskiewicz et aI. , 2002). Modulation of hox activity is also mediated by the
association of meis with pbx and hox which form a heterotreric complex and fuction
in regulating hindbrain patterning (Choe et aI. , 2002; Vlachaks et aI. , 2001; Vlachaks et
aI. , 2000; Waskiewicz et aI. , 2001). Gain of fuction analysis, though the ectopic
expression of the heterotreric complex, resulted in an extensive transformation of
anterior (forebrain and midbrain) fates to more posterior (hndbrain or spinal cord) fates
(Dibner et aI. , 2001; Vlachakis et aI., 2001). Since the misexpression of me is and hox
mutant constrcts with reduced pbx binding activity resulted in a reduction of the
phenotye, this suggests that pbx interaction, and thus trmeric association is necessar
for the promotion of hindbrain fates (Vlachaks et aI. , 2001). In addition, the expression
of domiant negative meis (removal of the DNA-binding domain) or pbx (lacking the
nuclear localization motif) constrcts resulted in phenotyes simlar to mutats that are
deficient inpbx (lazarus) or hox fuction (as stated above) (Choe et aI. , 2002;
Waskiewicz et aI. , 2001). These results strongly suggest that the heterotrmeric complex
of hox pbx and meis is requied for specification of hindbrain fates.
Restriction of segment identity within the hindbrain
In order to properly establish segmental identity of individual rhombomeres, gene
expression must be organed and tightly restrcted to defined domains. Mechanisms that
underlie these complex fuctions include plasticity or regulation of cell identity as well as
cell sortg events. Both processes are involved in contrbutig to the gradual sharenig
of adjacent rhombomere-restrcted gene expression domains and the subsequent
maintemmce of boundar formation.
Cell sorting is mediated by specifc gene expression
The restrction of cell movement across rhombomere boundaes is demonstrated with the
fmdig that alternating cellular properties with the hidbrain causes r3/r5 cells to be
imiscible with cells from r2/r4/r6 (Fraser et aI., 1990; Guthre and Lumsden, 1991;
Guthe et aI., 1993). This suggests that mechansms that regulate the repressive
interactions that occur between cells expressing different genes are indeed imperative for
conferrg segmental specification. For example, explants ofr5 cells, but not r3 cells
appear to express krox20 regardless if they are cultued in the presence or absence of
adjoing hidbrain segments (Graham and Lumsden, 1996). Both mutant and wild-tye
embryo analyses support the suggestion that krox20 expression in r3 is dependent on
neighboring influences (such as signals expressed in r4), while krox20 expression in r5
appear to be under intrsic control (Barow et aI., 2000). hoxal/hoxbl double mutants in
mice do not express krox20 in r3, however krox20 expression is apparent in r4 and r5
despite the absence of hoxal and hoxbl (Rossel and Capecchi, 1999). Analysis of wild-
tye embryos indicate that krox20 expression is activated just anteriorly (in r3) to the
initial expression of hoxbl a (hoxbl) and hoxbl b (hoxal) in r4, and krox20 expression in
r5 is apparent only after the retreat of hoxbl a and hoxbl b expression in r5 (Barow et aI.
2000; McClintock et aI. , 2001). Thus, the mechansms that activate the expression of
krox20 in r3 appear different from those which activate krox20 expression in r5 (Barow
et aI. , 2000). Taken together, these fmdings support a dual role of hox gene activity in
which their presence from an adjacent rhombomere promotesr3 cell identity while their
absence in r5 promotes proper r5 cell identity. More importntly, the mechansms that
regulate these processes serve as an example by which cell identity and sorting are
coupled in order to dictate restrcted segmental domains in the hindbrain.
Eph-ephrin signaling restrict sorting of cells
Candidates for a role in rhombomere-specific cell sortg include the Eph famly of
receptor tyosine kiases and their associated ligands, the ephrns (Lumsden, 1999; Xu
and Wilkson, 1997). The Eph receptors are divided into two subclasses (A and B) on
their basis of their comparative sequence homologies and ligand affinity (Holder and
Klein, 1999). The Eph receptor (Fig. 13) consists of: an extracellular domain, which is
composed of a ligand-binding globular domain, a cysteine-rich region and two
fibronectin tye II repeats (of which may be involved in Eph receptor clusterig); a
transmembrane region; and a cytoplasmic domain, which consists of a juxtaembrane
region, a kiase domain, and the sterile a-motif (SAM) and PDZ domain (both of which
fuction in mediating protein-protein interactions) (Himanen and Nikolov, 2003;
Ku1lander and Klein, 2002). The ephr ligands can be classified into two classes on the
basis of their membrane attchment - ephr proteins, which are tethered through a
glycosylphosphatidylinositol (GPI) linage and ephr proteins (Fig. 13), which have a
transmembrane domain, followed by a cytoplasmic tail and a PDZ-binding motif
(Kullander and Klein, 2002). Eph receptors generally bind to their respective ligand of
the same class with the exception ofEphA4, which binds to both class A and B ephrs
(Flanagan and Vanderhaeghen, 1998).
Eph receptor-ephrn interactions are suggested to paricipate in boundar
formation since their expression patterns fall into complementar domains. In the mouse,
Eph receptors (EphA4, EphB2 and EphB3) are found in r3 and r5 while their ligands
(ephrinBl, ephrinB2 and ephrinB3) are expressed in r2, r4 and r6 (Becker et aI., 1994;
Flenniken et aI. , 1996; Nieto et aI. , 1992). In the zebrafish ephrinB2 is expressed in rl, r4
and r7 while EphA4 is expressed in r3 and r5 and EphB4 is expressed in r2, r5 and r6
(Durbin et aI. , 1998; Xu et aI. , 1995). Since the interactions of Eph receptor-expressing
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Figure 13. Structure of Eph receptors-ephrins and their clustering. Thin lines represent
plasma membrane. Class B ephrins are depicted in schematic. Ephrin receptor-binding
domain is shown in red, Eph ligand-binding domain is shown in dark blue, phosphate
groups are labeled in purple and kinase and SAM domains are shown in light blue.
Abbreviations: PDZ, PSD95/DIg/ZO I (PDZ)-binding motif; JM, juxtamembrane
region; SAM , sterile a-motif. (Adapted from Himanen and Nikolov, 2003).
cells and ephr-expressing cells occur at the boundaes of rhombomeres, it is likely that
their mutul repulsion governs cell sorting and mediate their interface.
Activation of Eph-ephr signaling occurs through two mechanisms that both
involve clusterig ofEph receptors (Murai and Pasquale, 2003). A trmer composed of
two Eph receptors and one ephr-ligand is sufficient to brig two intracellular kiase
domains (of the Eph receptors) together to intiate unidirectional or ' forward' signaling
(Kullander and Klein, 2002). A tetramer composed of two Eph receptors interacting with
two ephr-ligands (Fig. 13) is sufficient to initiate bidirectional (' forward' and ' reverse
signaling through tyosine phosphorylation of the intracellular domains of ephr-
ligands upon receptor bindig (Kullander and Klein, 2002). Interference of signaling
could occur though the generation of trcated receptors or ligands (Cooke and Moens
2002). The association of an Eph receptor or ephr-ligand without an intracellular
domain to their respective endogenous receptor/ligand-binding parter results in
propagation of a signal in only one diection (though the endogenous receptor or ligand
intracellular domain) since the trcated receptor/ligand lacks a kinase domain and
cannot transduce a signal back into their own cell (Melltzer et aI., 1999; Xu et aI., 1995).
Soluble forms of ephr-ligands are able to block receptor clusterig and competitively
inbit the binding of endogenous ligands to receptors thus blockig bi-directional
signaling (Davis et aI. , 1994; Krll et aI. , 1997).
Functional studies utilizing these trcated Eph receptor or ephrn-ligand
constrcts revealed that Eph signalig plays a major role for the propagation of restrcted
cell sorting. Eph-ephrn interactions are involved in early developmental events such as
.o;"h!;
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the control of cellular movements durng gastrla stages (Chan et aI. , 2001). The
expression of soluble form of ephA3 or ephrinA5 in zebrafish embryos result in a
pertbance of involution and convergence movements that occur durg gastrlation
(Oates et aI. , 1999). The ectopic expression of ephA4 or ephrinBI in Xenopus embryos
results in a loss of cell adhesion prior to the onset of gastrlation (Jones et aI., 1998;
Wing et aI. , 1996) while mutations in a C. elegans Eph receptor disrupt neuroblast
movements durng closure of the ventral gastrlation cleft (George et aI., 1998). More
importtly, Eph-ephrn signaling also mediates cell sortg and the subsequent
formation of sharly bordered gene expression domains in the hidbrain. The
misexpression of a trcated Eph receptor in zebrafish and Xenopus embryos resulted in
the expansion of (or ectopic) gene expression from r3 and r5 into the boundaries of
adjacent r2, r4 and r6 domains (Xu et aI. , 1999; Xu et aI. , 1995). The misexpression of a
full- length Eph receptor resulted in a simlar phenotye, with ectopically-expressing Eph
receptor cells localizing to the boundares of even-number rhombomeres, while
contrbuting to odd-numbered rhombomeres (Cooke et aI., 2001). Conversely, the
misexpression of trcated or full- lengt ephrinB2a in zebrafish embryos resulted in
ectopically expressing ephrinB2a cells localizing to the .boundares ofr3 and r5 , while
distrbuted in a scattered fashion withi r2, r4 and r6 (Cooke et aI. , 2001; Xu et aI. , 1999).
The involvement of Eph-ephr signaling in rhombomere-specific cell sorting is
also exemplified by mutant analysis of the valentino segmentation gene in zebrafish
embryos. These mutat embryos fail to subdivide a proto-segment into the r5 and r6
domains and do not exhbit proper formation of the r4/r5 and r6/r7 boundares (Cooke et
aI., 2001; Moens et aI. , 1996). Specifically, ephB4 expression is lost in r5 and r6 and
ephrinB2a expression expands from r4 throughout r7 (Cooke et aI., 2001). Using a
genetic mosaic approach valentino cells (which are ephB4- and ephrinB2a transplanted
into a wild-tye host are excluded from r5 and r6 (Cooke et aI. , 200 I; Moens et aI.
1996). However, when wild-tye cells are transplanted into a valentino host embryo, an
interface is established between the host cells in the proto-segment that express
erphrinB2a and the transplanted wild-tye 'clump ' of cells that express ephB4 (Cooke et
aI. , 2001). Furhermore, while transplanted valentino cells that were injected with
ephB4a can parally contrbute to r5 and r6 of wild-tye hosts, the blockig ofEphB
signaling (through the injection of soluble ephrinB2a ligands) enabled valentino donor
cells to fully contrbute to the r5 and r6 domains (Cooke et aI., 2001). Ths suggests that
valentino in addition specifying r5 and r6 identity (see above), can control the
complementar eph/ephrin gene expression domains. Another segmentation gene that
fuctions upstream ofEph signaling is krox20 which can regulate the expression of
ephA4 in r3 and r5 (Theil et aI. , 1998). Taken together, these results indicate that Eph-
ephr signaling is essential for establishig and maintaing segmental integrty and the
proper formation of rhombomere boundares.
Plasticity in rhombomere boundary formation
The regulation of cell sorting, as indicated by the repulsive interactions that occur
between cells from adjacent rhombomeres and the adhesive interactions that occur
between cells from the same rhombomere, is mediated by Eph-ephr signaling and is an
importnt contrbutor for proper rhombomere boundar formation. Another mechanism
that can control the sharenig of rhombomere boundaries is cell plasticity, which is the
ability for a cell to alter its specific segment identity in response to its environment
(Trainor and Krauf, 2000b). Transplantation of cells between different hindbrain
rhombomeres in the zebrafish or mouse embryo reveal that the donor cells can indeed
regulate differential gene expression (such as the hox genes) according to their new
suroundings (Schilling et at, 2001; Trainor and Krauf, 2000a). These set of
transpositions also indicate that individual cell transplants are more likely to exhbit
plasticity than those which reside in the center of larger cell transplants and
transplantation of cells at a later stage of development were likely to remain commtted to
their original fate (Schilling et at , 2001). These results suggest that cells do have the
abilty to exhibit plasticity however, they may progressively lose plasticity as their
segmental identities become fmalized and rhombomere boundares form. Thus, it is likely
that both the mechansms of cell sorting and plasticity might cooperate in the formation
of distiguishable expression domains and maintenance of rhombomere boundares.
Identification of novel genes involved in hindbrain development
In spite of the large number of genes identified, they canot account for all the
mechanisms that are responsible for the regionalization, specification and segmentation
of the hindbrain. In order to characterie additional genes that may be involved in the
regulation of hidbrain development, the isolation of novel genes that are expressed in
the prospective hindbrain must fIrst be undertaken. Utilizing a subtractive hybridization-
based screen, candidate novel genes that are expressed in the dorsoposterior region
(which are specified to hidbrain fates) of the zebrafish embryo were isolated
(Sagerstrom et aI., 2001). In short, cDNAs generated from RNAs expressed in the
anterior neuroectoderm at mid-gastrla stages were subtracted from cDNAs generated
from RNAs expressed in the posterior neuroectoderm (at the same stage). This approach
wil enrch for genes only expressed in the posterior neuroectoderm of the embryo and
subsequently a dozen genes were found to be expressed in the presumptive hindbrain at
mid-gastrla stages (Sagerstrom et aI., 2001). The expression of five of these posteriorly-
restrcted genes have been previously reported and include hoxbl b (Alexandre et aI.
1996), wnt5 (Blader et aI. , 1996; Rauch et aI. , 1997), caudal (Joly et aI. , 1992), Myf5
(Braun et aI. , 1989) and MesP 1 (Saga et aI. , 1996). The remaining seven isolated genes
were novel and are suggested to be candidates for specification and segmentation of the
hindbrain (Sagerstrom et aI. , 2001). Characteriation of the novel-isolated gene meis3
reveals that it is a multifuctional regulator of hox activity and is integral for hidbrain
specification (Choe et aI., 2002; Vlachakis et aI. , 2001; Vlachakis et aI. , 2000;
Waskiewicz et aI. , 2001). The Im04 gene, of which I have independently cloned and
initially characteried the expression pattern, only represented a minor par of my
graduate work and wil not be discussed and only included as an appendix. In this thesis
I wil describe the characterization of nlz and its novel family of zinc-finger containing
proteins and their fuctional role in regulating segmental gene expression in the hindbrain
in chapters I and II. Furermore, I wil broadly describe possible mechanisms underlying
nlz fuction in the discussion.
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Abstract
The zebrafish nlz gene has a rostral expression limt at the presumptive
rhombomere (r) 3/r4 boundar durg gastrla stages and its expression progressively
expands rostrally to encompass both r3 and r2 by segmentation stages, suggesting a role
for nlz in hindbrain development. We fmd that Nlz is a nuclear protein that associates
with the co-repressor Groucho, suggesting that Nlz acts to repress transcription.
Consistent with a role as a repressor, misexpression of nlz causes a loss of gene
expression in the rostral hidbrain, likely due to ectopic nlz acting prematuely in this
domain, and ths repression is accompaned by a parial expansion in the expression
domains of r4-specific genes. To interfere with endogenous nlz fuction, we generated a
form of nlz that lacks the Groucho binding site and demonstrate that ths constrct has a
dominant negative effect. We find that interferig with endogenous Nlz fuction
promotes the expansion of r5 and, to a lesser extent, r3 gene expression into r4, leading to
a reduction in the size of r4. We conclude that NIz is a transcriptional repressor that
controls segmental gene expression in the hidbrain. Lastly, we identify additional nlz-
related genes, suggesting that Nlz belongs to a family of zinc- fmger proteins.
Key words: Co-repressor; Groucho; Hindbrain; Patternng; Repressor; Rhombomere;
Segmentation; Transcription; Zebrafish; Zinc-Finger.
Introduction
The vertebrate embryonic hindbrain gives rise to the cerebellum and brainstem of
the adult organism. Durg its development, the hindbrain transiently possesses seven cell
lineage restrcted compartents termed rhombomeres (r). These metameric units play an
essential role in establishing proper hindbrain segmentation and craniofacial organization.
For instace, formation of the rhombomeres underlies the segment specific pattern of
primary reticulospinal neurons, cranial neural crest cells that migrate to the pharygeal
arches, branchiomotor neurons, and sensory ganglia (reviewed in (Lumsden and
Krlauf 1996).
Specific genes mediate the formation ofrhombomeres. For instance krox20 
expressed in r3 and r5 (Oxtoby and Jowett, 1993) and is required for the formation and
maintaince of these rhombomeres - a loss of krox20 leads to a progressive disappearance
ofr3 and r5 (Schneider-Maunour et aI. , 1997). krox20 is also a determinant in anterior-
posterior positional identity because of its regulatory relationship with the hox family of
transcription factors (Krmlauf, 1994; Price et aI. , I998a) - krox20 regulates hoxa2
(Nonchev et aI. , 1996), hoxb2 (Sham et aI. , 1993) and ephA4 (Theil et aI. , 1998)
expression in r3 and r5 and hoxb3 expression in r5 (Seitanidou et aI. , 1997). Similarly,
kreisler/valentino and vhnfl are expressed in r5 and r6 (Cordes and Barsh, 1994; Moens
et aI. , 1998; Sun and Hopkis , 2001) and are required for r5/r6 development-
kreisler/valentino and vhnfl mutants have hindbrain defects in r5 and r6 (McKay et aI.
1994; Moens et aI. , 1996; Sun and Hopkis, 2001). It is hypothesized that vhnfl regulates
hindbrain patternng by activating valentino expression in r5/r6 , which in tu regulates
krox20 and hoxb3 expression in r5 and hoxa3 expression in r5 and r6 (Mananares et aI.
1999; Mananares et aI. , 1997; Price et aI. , I998b; Sun and Hopkis , 2001; Theil et aI.
2002). Furhermore hoxbl (equivalent to hoxbla in zebrafish (Amores et aI. , 1998)) and
hoxal (equivalent to hoxbl bin zebrafish (Amores et aI. , 1998)) are both expressed in
presumptive r4, where hoxal/hoxblb regulates the expression of both hoxbl/hoxbla and
hoxb2 (Barrow et aI. , 2000; Maconochie et aI. , 1997; McClintock et aI. , 2001). The loss
of hoxal/hoxblb leads to a loss ofr5 , a partial loss ofr4 and an increase in the size ofr3
(Barrow et aI. , 2000; McClintock et aI. , 2002; Rossel and Capecchi, 1999) while the
ectopic expression of hoxal/hoxblb leads to a transformation ofr2 towards a r4 fate in
both mice (Zhang et aI. , 1994) and fish (Alexandre et aI. , 1996; McClintock et aI. , 2001;
Vlachakis et aI. , 2001). Loss of hoxbl/hoxbl a fuction results in a loss of normal Vllth
cranal nerve patterning (McClintock et aI. , 2002; Studer et aI. , 1998; Studer et aI. , 1996)
and mis-expression of hoxb 1 a causes a posterior transformation of r2 and more anterior
strctues (McClintock et aI. , 2001). Additionally, hindbrain development is regulated by
signaling centers at the midbrain-hindbrain boundar (MH), which promotes
development of rostral rhombomeres (rl-3) (Iring and Mason, 2000), and at
rhombomere 4, which secretes fibroblast growth factor (FGF)3 and FGF8 that in 
promote development of r5 and r6 (Maves et aI. , 2002).
F or proper segmentation of the hindbrain, the expression and fuction of these
various genes must be restrcted to individual rhombomeres. This involves a dynamic
regulation of cell identity as well as a restrction of cell sorting between adjacent
segments (Cooke and Moens , 2002). The restriction of cell movement is exemplified by
the fmding that r3/r5 cells are immiscible with r2/r4/r6 cells (Fraser et aI. , 1990; Guthre
et aI. , 1993). Members of the Eph family of tyosine kinase receptors and their cognate
ephrin ligands are dynamically expressed in varous rhombomeres (Flanagan and
Vanderhaeghen, 1998) and have been implicated in regulatig sorting between
rhombomeres (Lumsden, 1999; Xu et aI. , 1999) as well as in the control of cell migration
(Holder and Klein, 1999). In paricular, disruption of Eph signaling via a dominant
negative approach in zebrafish and Xenopus resulted in cell mixing between
rhombomeres (Xu et aI. , 1995; Xu et aI. , 1996) as well as in a disruption of convergence
movement during gastrlation (Oates et aI. , 1999). The dynamic regulation of cell
identity is exemplified by repressive interactions that occur between krox20 and the hoxl
paralogs (hoxal and hoxbl) to control specification ofrhombomeres 3 , 4 and 5. For
instance, when the anterior limit of hoxal and hoxbl expression is shifted caudally,
krox20 expression in r3 also expands caudally, consistent with hoxal and hoxbl
repressing krox20 (Barrow et aI. , 2000).
It is likely that additional genes are involved in regulating cell fate and/or cell
sorting durng rhombomere formation. One candidate is the zebrafish nlz gene
(Andreazzoli et aI. , 2001; Sagerstrom et aI. , 2001), which is related to the Drosophila
nocA and elbow genes (Cheah et aI. , 1994; Dorfman et aI. , 2002) and encodes a zinc-
finger protein. Hypomorphic (reduced fuction) mutations in nocA exhibit complete or
parial loss of the ocelli (adult photosensory organs located between the compound eyes)
and associated bristles , while loss of function mutations exhibit hypertophy and
mislocation ofthe embryonic supraesophageal ganglion (Cheah et aI. , 1994). This
suggests a role for nocA in cell fate determination and/or patternng of Drosophila neural
strctues and raises the possibility that nlz may regulate similar processes in zebrafish. In
order to test this , we first characterized the expression pattern of nlz durng hindbrain
development in detail. We confrm that nlz is intially expressed in the hindbrain up to the
r3/r4 boundar and also demonstrate that nlz expression progressively expands to
encompass r3 and r2 by somitogenesis stages. Misexpression of nlz in the developing
embryo causes a distinct disruption in hindbrain patterning. Specifically, we observe a
loss of gene expression in the rostral hindbrain (rl-r3), likely due to ectopic nlz acting
prematuely in this region, as well as a parial expansion of r4-specific gene expression
into r3. We find that NIz is a nuclear protein that associates with the co-repressor
Groucho, suggestig that Nlz acts as a repressor, and we demonstrate that misexpression
of an Nlz constrct lacking the Groucho binding-site interferes with Nlz fuction, thus
acting as a dominant negative. Expression of this dominant negative constrct (dnlz)
induces an expansion of gene expression from r5 and, to a lesser extent, r3 into r4. The
effect of dnlz can be mimicked by fusing the VPI6 activation domain to full-length
Nlz, suggestig that dnlz promotes activation of target genes normally repressed by
Nlz. Our data is consistent with NIz being a transcriptional repressor involved in the
regulation of segmental gene expression durg hindbrain development. We also identify
additional Nlz-related genes in the zebrafish, mouse and human, thereby defining a
family of zinc- finger proteins.
. ' . -
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Materials and Methods
Cloning
All constrcts (see Fig. 3F for list) were generated by utilizing standard molecular
biology cloning techniques (details available upon request), cloned into the pCS2+ or
pCS2+MT vectors and verified by sequencing. Oligos 5'
CT A TGCACTCTCTCCCAGCC-3' and 5' -AGAGGGGAA TCCTGCTTGTT -3' were
used to map nlz on radiation hybrid panels (Geisler et at , 1999; Hukede et at , 1999).
Synthesis and injection of RNA
Capped mRAs were synthesized using the SP6 mMessage mMachine kit
(Ambion) with NotI-linearized pCS2+MT derived plasmids, or for f3gal XhoI-linearzed
pSP6-nucf3gal. The capped mRAs were purfied with the RNeasy mini kit (Qiagen),
quantified by UV absorbance and gel electrophoresis, and diluted in water and 0.
phenol red. For in situ analysis , 400 pg of capped mRA was injected with the exception
of the VPl6Nlz fusion constrct (25 pg). To reduce pigmentation, injected embryos that
were analyzed after 24 hours post fertilization (hpt) were transferred to fish water
containng 0.003% of phenylthiourea (PTU) between 14 and 16 hpf. For immunostaing
with the anti-c-myc antibody, 800 pg of capped mRA was injected. All injections were
performed at the 1- to 2- cell stage.
In situ hybridization and immunostaining
Whole mount in situ hybridizations using digoxigeni or fluorescein labeled
antisense RNA probes was performed as described (Sagerstrom et aI. , 1996) and the
following genes were used: nlz (Sagerstrom et aI. , 2001); krox20 (Oxtoby and Jowett
I993);pax2. (Krauss et aI. , 1991); ephA4 (Macdonald et aI. , 1994; Xu et aI. , 1994);
ephB4a (Cooke et aI. , 2001); gbxl , irol (Itoh et aI. , 2002); mariposa (Moens et aI.
1996); ephrinB2a (Durbin et aI. , 1998); val (Moens et aI. , 1998); hoxa2, hoxbla , hoxb3
hoxd4 (Prince et aI. , I998b); otx2 (Mori et aI. , 1994); ephrinA2 (C. Brennan, personal
communcation); myoD (Weinberg et aI. , 1996); ntl (Schulte-Merker et aI. , 1992); and
caudal (Joly et aI. , 1992). After color development, the embryos were washed with PBT
placed in 90% glycerol and flat-mounted. X-gal staining was performed as described
(Blader et aI. , 1997). Imunostaining with anti-c-myc (clone 9EIO) and the islet-
antibody (39.4D5 , (Korzh et aI. , 1993)) was performed as described (Hatta, 1992) and
HR was detected using either the TSA-direct kit (Dupont Biotechnology Systems) or
DAB (Vector Laboratories). Immunostainig with the RMO-44 antibody (Zymed Labs
Inc.) was performed using the Vectastain ABC kit (Vector Laboratories). Protein
localization was performed by immunostaining with the anti-c-myc antibody and
incubation of the embryos with a 1:1000 dilution ofDAPI (Sigma) at room temperatue
for 10 minutes.
'f.
Western Analysis and GST pull-down
For western blot analysis, lysates of3 gastrla stage embryos were used per lane.
Samples were resolved on a 10% polyacrylamide gel by SDS-PAGE, western blotted
probed with a 1:1000 dilution of the anti-c-myc (clone 9EIO) antibody and detected
utilizing chemilumnescence. All GST fusion constrcts (Groucho, HDACI and HDAC2)
were purfied on Glutathione Sepharose 4B beads (Amersham) by standard procedures.
Nlz constrcts were in vitro labeled with S-methionine by utilizing the Promega TnT
SP6 Coupled Reticulocyte Lysate System. GST pull-downs were performed in 10 mM
Tris (pH 7.6), 600 mM NaCl, I mM EDTA, I ro DTT, 1 ro MgCh, 1% NP-40 and
1 % BSA. After overnght binding at 4 , beads were washed four times with the binding
buffer (excluding BSA) for 5 minutes each at 4 C. Samples were resolved on a 10%
polyacrylamide gel by SDS-PAGE, fixed, washed, dred to Whatman paper and exposed
to film by standard procedures.
Results
nlz is dynamically expressed during development of the midbrain and hindbrain
To begin explorig NIz fuction, we first expanded on previous reports
(Andreazzoli et aI. , 2001; Sagerstrom et aI. , 2001) by undertakng a detailed analysis of
neural nlz expression durg early development. Starting at early gastrla stages nlz
expression is found in a broad caudal domain that includes both neural and non-neural
ectoderm, as well as the underlying mesoderm and endoderm (Andreazzoli et aI. , 2001;
Sagerstrom et aI. , 2001). By bud stage (10 hpf), nlz expression extends from the caudal
end of the embryo to the rhombomere (r) 3/r4 border in the hindbrain (delineated by
krox20 expression in r3 (Fig. lA B). Durng early segmentation stages , expression ofnlz
remains in the hindbrain primordium and expands into r3 (10.5 hpf; Fig. lC D) such that
nlz is detectable throughout r3 by the 3- and 6-somite stages (Fig. IE , G). nlz expression
expands rostral to r3 by the 8-somite stage (Fig. 1I) and includes r2 by the I4-somite
stage (Fig. lK). By 20 hpf nlz expression persists in r3 while expression in r2 and r4/r5
subsides (Fig. 1M). These results indicate that nlz is expressed in a dynamic caudal
domain whose anterior boundar expands from the r3/r4 boundary during late
gastrlation to r2 durg somitogenesis stages.
Double in situ hybridizations also revealed that nlz becomes expressed at the
midbrain-hindbrain boundar (MHB; delineated by pax2. expression) by the 3-somite
stage (Fig. IF). Expression ofnlz at the MHB intensifies by the 6-somite stage (Fig. IH),
but gradually diminishes durg the 8-somite stage (Fig. IJ) and is lost by the 14-somite
(Fig. lL) and 20 hpf stages (Fig. 1M), while pax2. expression persists. Notably, nlz
expression is not significantly affected (not shown) in acerebeUar zebrafish embryos that
carr a mutation in the Fgf8 gene and have defects in the MHB and rostral hindbrain
(Reifers et aI. , 1998). Taken together, our expression analysis suggests a potential role for
nlz in development of the zebrafish MH and hindbrain.
Ectopic expression of nlz disrupts gene expression in the rostral hindbrain
We fIrst used a zebrafish radiation hybrid panel to place nlz onto the zebrafish
genetic map. We find that nlz maps to an interval between 38. 1 and 44 cM from the top
of zebrafish linkage group (LG) 5 , but this location does not coincide with known
zebrafish mutations or deletions.
To explore the fuction of nlz we ectopically expressed Nlz by injecting nlz
rnA into 1-2 cell stage zebrafish embryos. When nlz- injected embryos were analyzed
at the 10- 14 somite stage, pronounced defects were observed in the rostral hindbrain
(Table 1). In paricular
, -
60% of embryos injected with nlz demonstrate a severe
reduction in krox20 and ephA4 expression in r3 (arrows in Fig. 2A W; Table I)
as well as a loss of hoxa2 and ephB4a expression in r2 and r3 (arrows in Fig. 2E
Table 1). Misexpression ofnlz frequently leads to loss ofr2/r3 expression on only one
side of the embryo, which correlates with the distrbution ofthe injected rnA (detected
by co-injection with lacZ rnA; Fig. 2K). We conclude that the ectopic expression of
nlz disrupts r2 and r3 gene expression.
Examination ofnlz-injected embryos at an earlier stage (1-2 somite), when krox20
and hoxbla expression has just been initiated, revealed that 74% (14/20) of embryos
injected with nlz exhibit a loss of krox20 gene expression in r3 (arow in Fig. 2M)
suggestig that ectopic nlz may act already at gastrla stages. To examie this fuher, we
examied nlz- injected embryos for expression of gbxl and irol the earliest genes
expressed in the rostral hindbrain primordium (Itoh et at , 2002), at mid-gastrla stages.
We fmd that expression of gbxl (from r1 to the r3/r4 boundary) is reduced (arow in Fig.
, Table I), while irol expression in the rostral hindbrain is unaffected (not shown
Table I). This suggests that ectopically expressednlz acts already at late gastrla stages
to disrupt genes expressed in the rostral hindbrain primordium.
We next assayed expression of mariposa a marker of rhombomere boundaries , at
the 24 hour stage (Fig. 2Q,R). We find that 38% (11/29) of embryos injected with nlz
exhibit disruption of the boundar separating r3 and r4 (arow in Fig. 2Q) as well as
disorganized boundaries between r1/r2 and r2/r3 (asterisks in Fig. 2Q) while boundares
in the caudal hindbrain are normal (arrowheads in Fig. 2Q). This effect on rhombomere
boundaries is consistent with the observed disruption of gene expression in the rostral
hindbrain.
Notably, hoxbla and ephrinB2a expression in r4 (asterisks in Fig. 2G U; Table
I) is also affected in nlz- injected embryos. These gene expression domains appear to
expand, at least partally, into the region normally occupied by r2- and r3-specific gene
expression and this may represent a secondary effect to the loss of r2/r3-specific gene
expression. There is a lesser effect in r1 , where ephA 4 expression may partially extend
caudally (asterisk in Fig. 2W). The effect'of ectopic nlz does not extend beyond r1-r4 of
the hindbrain since gene expression at the MHB (pax2. and ephB4a; Fig. 2G I), in r5
(krox20 and ephA4; Fig. 2A W) in r5/r6 (ephB4a, hoxb3 and valentino; Fig. 21
and not shown) and in r7 (hoxd4 not shown) is unaffected (Table I). In addition, markers
for regions outside the hindbrain, such as the forebrain (otx2), midbrain (ephrinA2),
somites (myoD), notochord (ntl) and other caudal domains (caudal) are unaffected (not
shown, Table I). We conclude that misexpression of nlz disrupts normal gene expression
in rI-r4. Misexpression ofnlz also affects neuronal differentiation in the rostral hindbrain
but this effect is comparatively mild. In parcular, branchiomotor and reticulospinal
neurons residing in r2 and r3 are lost in II % of embryos (not shown; 48/438).
Nlz is a nuclear protein that associates with the Groucho co-repressor
Since nlz disrupts gene expression in the rostral hindbrain, we reasoned that Nlz
may act as a repressor. Since repressors would be expected to fuction in the nucleus , we
next determined the subcellular distrbution ofNlz. Embryos were injected with mRA
encoding a Myc epitope tagged Nlz protein at the 1-2 cell stage, flat mounted at early
gastrlation (5 hpf), and examied for localization of Nlz by fluorescent
immunohistochemistr. We find that Nlz primarily localizes in a punctuate pattern (Fig.
3A). Treatment of the injected embryos with DAPI (Fig. 3B), a fluorescent probe that
binds DNA (Hajduk, 1976), revealed that DAPI staining and Nlz co-localize (Fig. 3C),
demonstrating that Nlz is a nuclear protein.
At least one Nlz-related protein (Elbow) associates with the Groucho co-repressor
(Dorfan et aI. , 2002), although the fuctional significance of this interaction has not
been determined. We therefore tested whether Nlz also interacts with Groucho. Using
GST pull-down assays (Fig. 3D), we fmd that Nlz interacts efficiently with Groucho (Fig.
, lane I). In order to determine the domainofNlz required for this association, we
generated a series ofNlz deletion constrcts (Fig. 3E) and tested them for Groucho
binding in the GST pull-down assay (Fig. 3D). Although Nlz contains a putative Groucho
binding site (FKPY) at position 149-152, deletions within the N-terminus and up to
amino acid 385 have no effect on Groucho interaction (Fig. 3D E and not shown).
However, an Nlz constrct lackig the C-terminal173 amino acids displays signficantly
weaker association with Groucho (Fig. 3D , lane 2). Deletions within this domain
demonstrate that the C-terminal129 amino acids are not required for Groucho binding
(Fig. 3D, lanes 7-9; sumarzed in Fig. 3E). Intead, deletion of the region between the
two zinc fmgers (Nlz 408-460, Fig. 3D, lane II) severely affects binding to Groucho
and, although deletion of the fIrst zinc fmger (Zl) alone has no effect (Fig. 4D , lane 6),
deleting Zl together with 408-460 fuher reduces Groucho binding (Fig. 4D , lane 10).
We conclude that the minimal region ofNlz required for. interaction with Groucho
contains Zl and the region between the two zinc figers.
Although the Nl-related Elbow protein binds Groucho, the fuctional
signficance of this interaction has not been explored. To test ifNlz fuction requires
Groucho binding, we tested the in vivo activity ofNlz 385-460 and Nlz 408-460. We
find that embryos injected with nlzL1385-460 do not exhibit loss of rostral gene
expression or expansion ofr4 gene expression, as compared to injection ofnlz (3. 1 % 
nlzL1385-460- injected embryos affected vs. 64.9% of nlz-injected embryos), although
both proteins are expressed at similar levels (Fig. 3F , lanes 1 7). Nlz 408-460 is also less
active than full-length Nlz, but stil affects 25.7% of the injected embryos, consistent with
NlzL\408-460 apparently binding Groucho slightly better than NlzL\385-460 (Fig. 3D
compare lane 11 to lane 10). This demonstrates that the interaction with Groucho is
required for nlz to have an effect in vivo.
Deleting the Groucho binding site generates a dominant negative form of Nlz
To fuher understand the role ofNIz, we next set out to interfere with
endogenous Nlz fuction. Since two different sets of antisense morpholino oligos do not
repress Nlz fuction (not shown), we instead tued our attention to generatig a
dominant negative constrct. In partcular, we reasoned that a form ofNlz lacking the
Groucho interaction domain might substitute for endogenous Nlz, but since it would be
unable to recruit Groucho, it might interfere with the repressor activity ofNlz. To
determine ifNIzL\385-460 interferes with the fuction of wild tye Nlz, we co-injected
nlz with either nb1385-460 or control (f3gal) mRA (Table 2). We find that nb1385-460
reduces nlz activity ten-fold. Specifically, nlz f3gal disrupts rostral gene expression in
21.6% of injected embryos, while nlz nlzL1385- 460 disrupts rostral gene expression in
only 2. 1 % of embryos (Table 2). This demonstrates that nlzL1385-460 interferes with the
fuction of wild-tye Nlz. We conclude that NlzL\385-460 acts as a dominant negative
and henceforth refer to it as dnlz.
Disrupting endogenous Nlzfunction leads to an expansion ofr5-specifc gene expression
into r4
To examine the role ofNl durng hindbrain development, we next expressed
dnlz in developing zebrafish embryos by mRA injection and assayed for phenotyic
changes in hindbrain gene expression. We find that dnNlz promotes rostral expansion of
r5-specific gene expression, leading to an overlap between r4- and r5-specific gene
expression (120/300, 40.0%) and a shortening ofr4 (Fig. 4A- G). In some instances , the
overlap is detected as a localized expansion of krox20 expression into the hoxbl a
terrtory (dashed line in Fig. 4A). In other intances krox20 expression is mixed with
hoxb 1 a expression along the entire length of the rhombomere boundar (dashed lines in
Fig. 4B-D). A less pronounced overlap effect is observed at the r3/r4 (Fig. 4B-D) and the
r6/r7 boundares (not shown). We also fid that dnNlz-injected embryos display a lateral
widening of krox20 and hoxbl a expression, occasionally associated with twisted, kinked
and/or shortened notochords (Fig. 4G I). In most cases , this effect is moderate (Fig. 4G)
but in some instances , the widened gene expression encircles the entire width of the
embryo (Fig. 41). Extensive overlap in rhombomere-specific gene expression is seen in
embryos both with and without this lateral widenig, suggesting that the two phenotyes
are not directly related. As observed for ectopic expression of full-length Nlz, dnlz also
has a mild effect on neuronal differentiation. Specifically, migration ofnVI
branchiomotor neurons from r4 to r5/r6 is incomplete in -12% of embryos (15/127 , not
shown) and the axons of reticulospinal neurons appear defasiculated in -14% of embryos
(43/306 , not shown). We conclude that Nlz is required for the proper segregation of r4-
and r5-specific gene expression domains.
A VP 16Nlz fusion constrct mimics the effect of dnNlz
We reasoned that dnNlz might lead to an activation of target genes normally
repressed by Nlz. To test ths , we fused the VP16 transcriptional activation domain to the
terminus of full-length Nlz (V16Nlz) and expressed this constrct in developing
zebrafish embryos by mRA injection. Indeed, we find that VP 16Nlz-injected embryos
exhibit the same phenotye as dnNlz- injected embryos (Fig. 4E) suggesting that dnlz
promotes activation of gene expression. This effect is not due to the VP 16 activation
domain affecting fuctions at the inserton site, since placing the VPI6 domain internally,
in place of amino acids # 237-275 , has the same effect (not shown).
nlz belongs to a novel family of zinc-fnger proteins
We and others (Andreazzoli et aI. , 2001; Sagerstrom et aI. , 2001) have previously
noted that zebrafish Nlz is related to Drosophila NocA (Cheah et aI. , 1994) as well as to
an uncharacterized human protein. Upon renewed BLAST analysis , we fmd that Nlz is
also related to second zebrafish protein (herein referred to as Nlz2; sequence compiled
from EST contigs wz1906.2 and wzI906.1), as well as to a second Drosophila protein
(Elbow (Dorfman et aI. , 2002)), two hypothetical human proteins (FLJ14299 and
MGC2555) and two hypothetical mouse proteins (N_145459 and XM 146263) (Fig.
5). Several domains are conserved withi this group of proteins, including an N-terminal
domain (termed the ' SP motif) that is also found in the Spi family of zinc fmger
transcription factors (Philipsen and Suske, 1999), a zinc-finger motif (Z I) that has one
histidine surounded by four cysteines and may fall into the CzHC or CHC class (Klug
and Rhodes , 1987) and a second zinc-finger motif (Z2) which is of the CzHz tye (Berg,
1990; Laity et aI. , 2001). Sequence alignent (Fig. 5A) and phylogenetic analysis (Fig.
5B) indicate that the vertebrate proteins fall into two groups with one mouse and one
human protein related to each ofNlz and Nlz2, while NocA and Elbow are more
divergent. Our finding that more than one Nlz-like protein exists in several organsms
suggests that Nlz belongs to a family of related zinc-figer proteins. Since NocA and
Elbow regulate neural and tracheal development in Drosophila while Nlz regulates
hindbrain development in zebrafish, members of this family may regulate various aspects
of vertebrate development.
Discussion
In this report we address the possibility that nlz fuctions in hindbrain
development, as suggested by the initial characterization of this gene (Andreazzoli et aI.
2001; Sagerstrom et aI. , 2001). A detailed expression analysis revealed that while nlz 
expressed caudal to the r3/r4 boundary durng gastrlation nlz expression progresses
rostrally durng segmentation stages to encompass both r3 and r2, while expression
caudal to r5 is reduced. We have demonstrated that Nlz is a nuclear protein that
associates with the co-repressor Groucho, suggestig that Nlz may repress transcription.
Consistent with a role as a repressor, we fmd that misexpression ofnlz disrupts
expression of gbxl , hoxa2, ephB4a, krox20 and ephA4 in the rostral hindbrain
concomitant with a partal expansion of genes expressed in r4 (hoxbla and ephrinB2a)
into r3 and a disruption of mariposa expression at rhombomere boundaries from rl to r4.
In fuher support ofNlz acting as a repressor, a form ofNlz unable to bind Groucho does
not repress gene expression in the rostral hindbrain. Since endogenous 
nlz is not
expressed in the rostral hindbrain until segmentation stages (Sagerstrom et aI. , 2001), we
propose that the prematue presence of ectopic nlz in this region represses rostral gene
expression and, perhaps , indirectly promotes the expansion of adjacent gene expression
domains. We also find that a dominant negative form ofNlz leads to an expansion ofr5-
specific gene expression and induces an overlap of gene expression at the r4/r5 boundar.
We conclude that Nlz is required for segmental gene expression, paricularly in r4, durng
hindbrain development.
Nlz belongs to a novel family of zinc finger proteins that act as transcriptional repressors
We fmd that Nlz belongs to a growing family of zinc- fmgers proteins that also
includes zebrafish Nlz2 Drosophila NocA and Elbow, two human proteins and two
mouse proteins (Fig. 5). We propose that this family encodes transcriptional repressors
based on several observations.
First, Elbow and Nlz associate with the Groucho co-repressor. Elb apparently
binds Groucho via an FKPY motif, but while this motif is conserved in Nlz, Nlz instead
interacts with Groucho via amino acids #385-460. Although it is not clear if binding to
Groucho is essential for Elbow fuction (Dorfan et aI. , 2002), we have found that
removal of the Groucho interaction domain creates a dominant negative form ofNlz
indicating that Groucho interaction is necessary for Nlz s ability to fuction as a
repressor. Interestingly, we have found that Nlz also binds two class I histone
deacetylases (HDAC I and HDAC2) apparently via the same region used to bind Groucho
(not shown). Since Groucho reportedly acts as a co-repressor, at least in part, by
interacting with class I histone deacetylases (related to the yeast rpd3 gene) (Chen et aI.
1999), it is possible that Nlz binds HDACs indirectly via Groucho.
Second, misexpression of Nlz-family proteins leads to loss of gene expression.
Elbow misexpression abolishes the expression of tracheal genes (Dorfman et aI. , 2002)
and Nlz misexpression results in the loss of gene expression within the rostral hindbrain.
Conversely, elb and noc mutants exhibit an expansion in the expression of tracheal
branch-specific genes (Dorfman et aI. , 2002) and expression of a dominant negative form
ofNlz leads to expansion ofr5-specific gene expression. Since a VPI6Nlz fusion
constrct mics the effect of dnlz, it is likely that dnlz leads to activation of gene
expression. We hypothesize that the dnlz constrct acts by de-repressing target genes
normally repressed by Nlz, but we cannot exclude the possibility that deleting the
Groucho interaction domain generates an ' activator form ' ofNlz. Lastly, both Nlz and
BIb are nuclear proteins , as expected for a protein involved in transcriptional regulation
and share a domain with the Spl family of transcription factors (which we termed the SP
motif) (Philips en and Suske, 1999).
In spite ofthese featues, it is not clear ifNlz-family proteins bind DNA directly.
In particular, zinc-finger proteins that bind DNA often contain several CzHz fingers
(Iuchi, 2001) while the Nlz-related proteins (Fig. 5) contain only one CzHz zinc-fmger
motif. However, we have found that the Nlz proteins form a homodimeric complex (not
shown), and this homodimer may provide the suitable number of zinc fingers obligatory
for DNA binding.
nlz regulates segmental hindbrain gene expression
We find that ectopic nlz represses genes expressed in rI-r3 and that disruption of
endogenous Nlz fuction (misexpression of dnNlz) results in an overlap of gene
expression between r4 and r5 , with r5 expanding into r4. While this is consistent with Nlz
being required for proper formation of r4 by repressing non-r4 gene expression, it is
interesting that ectopic Nlz and dnlz affect different regions (rI-r3 vs. r5). We note that
ectopic Nlz affects only the rostral hindbrain (rI-r3), which coincides with the expression
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domain of grg3 one of the zebrafish Groucho family genes (Runo & Sagerstrom, not
shown) (Kobayashi et aI. , 2001). In contrast grg3 is not expressed in r5 , perhaps
explaining why ectopic Nlz affects r3 , but not r5. Furermore, dnlz has an effect only
in a small portion of its expression domain (r4/r5), suggesting that Nlz is inactive, or has
a redundant fuction fuer caudally- Strngly, our preliminar results indicate that
nlz2 is expressed in r5-r7, but not in r4 (not shown), suggesting that nlz and nlz2 may act
redundantly caudal to r4.
Hindbrain segmentation defects may be caused by inappropriate cell sortg or
cell fate decisions. For instance, expression of trcated EphA4, which blocks EphA4
intracellular signaling, leads to a disruption in cell sorting such that r3/r5 cells are
intermingled with r2/r4/r6 cells (Xu et aI. , 1995; Xu et aI. , 1999), and misexpression of
soluble forms of ephrinA5 and EphA3 which block signaling though both Eph receptors
and ephrs (Oates et aI. , 1999), gives rise to a lateral expansion of cells expressing MHB
and hindbrain genes. While these phenotyes share similarities with nlz- and dnNlz-
induced phenotyes , r4- and r5-gene expression appears to overlap in dnNlz-injected
embryos , suggesting a role for Nlz in regulating cell fate. Furhermore, the number of
cells expressing r3-genes in nlz- injected embryos is reduced, but we do not fmd a change
in the number of apoptotic cells (detected by acridine orange staing) or dividing cells
(detected with antiseru against phosphorylated histone H3) in this region (not shown),
also suggesting that Nlz affects cell fate. We propose that Nlz acts early in development
to repress non-r4 gene expression, leading to cells taking on an r4-fate. This effect may
be mediated, for instance, by Nlz repressing an early acting gene such as gbxl or krox20.
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The absence of these genes in the rostral hindbrain may subsequently allow an anterior
shift of hoxbla expression from r4, since the anterior limit of hoxbla wil no longer be
repressed by krox20. Interestingly, ectopic expression of the nab genes (which repress
krox20) yields a phenotye similar to nlz misexpression (Mechta-Grigoriou et aI. , 2000).
We also note that while ectopic nlz represses krox20 in r3 during gastrla stages
endogenous krox20 expression co-exists with nlz in r3 at later stages. This may be due to
initiation, but not maintaince, of r3 krox20 expression being nlz-sensitive.
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Table 1. Misexpression of nlz affects rostral hindbrain gene expression 
Gene Embryos Mfected (%) 
nlz f3gal
krox20 (r3) 64.9 (640/986) 4.3 (18/414)
krox20 (r3; 24 hpf) 56.3 (117/208) 5 (3/206)
ephA4 (r3) 62.4 (121/194) 3 (4/175)
ephA4 (r3; 24hpf) 63.6 (75/118) 1.4 (1/73)
hoxbla (r4) 41.1 (411/999) 1.1 (15/1345)
hoxbla (r4; 24 hpf) 27.9 (58/208) 5 (1/206)
ephrinB2a (r4) 44.9 (70/156) 7 (1/140)
hoxa2 (r2/3) 45.4 (149/328) 3 (2/157)
ephB4a (r2/3) 40.2 (66/164) 1.0 (1/103)
gbxl (rl-r3; 8-9 hpf) 51.6 (141/273) 5 (8/177)
irol (rI-r3; 8-9 hpf) 7 (1/149) 1.1 (1/90)
mariposa (rl-r4 boundaries) 37.9 (11/29) 1 (1/88)
otx2 (forebrain) 1.1 (1/87) 6 (1/63)
pax2. (MHB) 3 (2/601) 7 (4/537)
ephrinA2 (midbrain) 6 (1/39) 8 (1/36)
hoxb3 (r5/r6) 8 (1/122) 1.4 (1/74)
hoxd4 (r7) 1.7 (6/358) 9 (4/457)
valentino (r5/r6) 6 (1/169) 1. 7 (4/229)
caudal (caudal domain) 1.4 (1/69) 2.2 (1/46)
114
ntl (notochord)
1.1 (1/87)
4.2 (21/503)
1.5 (1/67)
2 (20/887)
myoD (somites)
a) 1 to 2 cell stage embryos were injected with 400 pg of nlz or flgal mRA, fixed at the
10 to 14 somite stages (except where indicated), analyzed by in situ hybridization
with the markers listed and flat mounted.
b) Injected embryos were scored for the expression of genes in the areas indicated.
c) The percent of embryos showing changes in expression of the listed genes. Reduction
in expression was seen for all genes except for hoxbl a and ephrinB2a wherein
expansion of gene expression was observed.
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Table 2. Competition analysis of Nlz versus domiant negative NI.
mRNA Injected a Embryos Mfected 
nlz (300 pg) + f3gal (300 pg) 21.6 (65/301)
nlz (300 pg) + nluB85-460 (300 pg) 2.1 (6/289)
f3gal (600 pg) 1.3 (1/80)
a) I to 2 cell stage embryos were injected with mRA of the genes listed, fixed at
the 10 to 14 somite stages and analyzed by in situ hybridization with 
krox20 and
hoxbl a probes.
b) The percent of embryos exhbitig loss of r3 and expansion of r4 gene expression.
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Figure 1. nlz is dynamically expressed during early midbrain and hindbrain
development.
Embryos were processed for double in situ hybridization with nlz (blue stain) together
with krox20 (red stain) in panels A- , or with nlz (blue stain) together with pax2.
(red stain) in panels F M. All embryos were flat-mounted and are shown in dorsal
views with anterior to the top at 20X magnfication, except that Band D are at 40X
magnfications of the left side of panels A and C, respectively. A- M show the
entire hindbrain and mhb, while F L show only the mhb. In situ probe combination is
shown at the bottom left-hand comer and embryonic stage is shown at the bottom right-
hand comer. Abbreviations: mhb , midbrain-hindbrain boundar; r, rhombomere; hpf
hours post fertilzation; s, somites.
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Figure 2. Misexpression of nlz causes a disruption in rostral hindbrain patterning.
Embryos were injected with 400 pg of nlz W) or f3gal
R,T X) mRA with the exception ofK L in which 100 pg of f3gal
mRA was additionally co-injected. Embryos were processed for in situ hybridization
for krox20 (detected in blue; A K,L or in red; E S-V), ephA4 (detected in blue;
X), ntl (detected in blue; C T), hoxa2 (detected in blue; E-H), hoxbla
(detected in red; G H or in blue; T), pax2. (detected in red; G H), ephB4a
(detected in blue; I J), ephrinB2a (detected in red; I J or in blue; U V), gbxl (detected in
blue; O P), and mariposa (detected in blue; Q,R) and additionally processed for X-gal
staing (K,L). All embryos were flat mounted at the 1O-14s stage (14- 16 hpf) with the
exception ofM N (1 to 2 somite stage, II hpf); O,P (whole-mounts , 8-9 hpf); Q,
(prim-5 stage, 24 hpf); and are shown in dorsal views with anterior to the top. Markers
are shown at the bottom left-hand comer and injected RNA is shown at the bottom right-
hand comer. Arows indicate loss of gene expression. Asterisks indicate expansion of
gene expression from its normal domain with the exception in panel Q, where they
indicate mispositioned rhombomeres. Arowheads in Q,R indicates rhombomere
boundaries. The varable signal detected for ntl in C T is due to slight variations in
the focal plane. Abbreviations: mhb, midbrain-hindbrain boundary; r, rhombomere.
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Figure 3. Nlz is a nuclear protein and interacts with the co-repressor Groucho.
(A-C). Nlz is nuclearly localized. Embryos were injected with 800 pg of mycnlz mRA
and fixed at 5 hpf. All embryos were flat-mounted and shown in animal pole views at
40X magnification. The embryos were imunostained with anti-c Myc and treated with
DAPI. Panel A shows anti-c Myc staining (green), panel B shows DAPI stainng of panel
A (purle) and panel C shows a merged image of panels A and B (light blue indicates
merged green and purle). The signals visualized are indicated at the bottom right-hand
comer. (D). GST pull-down assays. Purfied GST -Groucho fusion or GST were
immobilized on glutathione-sepharose beads and incubated with 
1abeled Nlz or Nlz
deletion constrcts. Afer washing of the beads, bound proteins were separated by SDS-
PAGE and visualized by autoradiography. Aliquots containing 10% of the total amount
of 1abeled protein used in the assay are shown (10% load). Nlz binds strongly to the
GST-Groucho fusion protein whereas MTnlz 385-460 , MTn1z 408-460 and
MTnlz 173C exhibit very weak binding. GST alone does not significantly bind to the
various Nlz constrcts. (E) Nlz constrcts. Nlz deletion constrcts are shown
schematically. Column at right indicates co-repressor binding (+ = strong Groucho
interaction; - = weak Groucho interaction). Nlz is shown in blue except for a region
shared with the Spi family of transcription factors (SP , gray), C2HC or CHC zinc fmger
motif (ZI , green) and C H2 zinc fmger (Z2 , red). Numbers indicate amino acid position.
Line brackets indicate deleted regions. (F). All Nlz constrcts are expressed at
comparable levels in vivo. Embryos were injected at the 1-2 cell stage with 800 pg
mRA encoding Myc tagged constrcts as indicated at the top of each lane. Embryos
122
were lysed at 5 hpf, resolved on a 10% SDS- PAGE gel, western blotted and probed with
an anti-Myc antibody.
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Figure 4. Dominant negative form of Nlz induces overlapping gene expression
domains in the hidbrain.
Embryos were injected with either 400 pg of dnNlz (MTnlzLB85-460) (A- I), 25 pg of
VP 16Nlz (E) or 400 pg of f3gal 
(F , J) mRNA and processed for in situ hybridization for
krox20 (detected in red; A-J), hoxbl a (detected in blue; A-J), 
ntl (detected in blue; G-
and otx (detected in blue; I-J). All embryos were fIxed at 14-16 hpf, flat mounted (A-
or whole mounted (I-J), and shown in dorsal views with anterior at the top. Dashed lines
in A-E encircle overlap in krox20 and hoxbl a expression. The varable signal detected for
ntl in G-J is due to slight variations in the focal plane.
, .. , ...:;"
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Figure 5. Nlz belongs to a novel family of zinc-f'mger proteins.
(A). Sequence comparson of conserved domains. Nlz is shown in blue except for a
region shared with the Sp 1 family of transcription factors (SP , gray), C HC or CHC2
zinc-finger motif (ZI , green) and the C H2 zinc-fmger (Z2 , red). Percentiles represent
percent identity of each domain to Nlz, as determined using the Jotu Hein method with
AM250 residue weight table. Numbers indicate amino acid position. The family
includes two zebrafish proteins , Nlz (AA73547) and Nlz2 (sequence compiled from
EST contigs wz1906. 2 and wzI906.1); two Drosophila proteins , NocA (A55929) and
Elbow (AA48283); two hypothetical human proteins, FLJ14299 and MGC2555; and
two hypothetical mouse proteins, NM 145459 and XM I46263. Abbreviations: Dr
Danio rerio; Drosophila melanogaster; Homo sapiens; 
Mus musculus; 
not determined. (B). Phylogenetic tree of aligned Nlz-related proteins using the Clustal
method with P AM250 residue weight table.
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Summary
In this study we clone and characterize nlz2 a second zebrafish member of the
nlz-related zinc-finger family. nlz2 is expressed together with nlz in a broad posterior
domain durg gastrla stages , as well as at the midbrain-hindbrain boundar (MHB) and
in the hindbrain caudal to rhombomere (r) 4 durg segmentation. nlz2 is also expressed
in distict regions from nlz notably in the forebrain, midbrain, and trnk. We fmd that
misexpression of nlz2 represses gene expression in the rostral hindbrain, similar to
misexpression of nlz. We next compare nlz and nlz2 sequences to identify and
characterize conserved domains. We find a conserved C-terminal domain required for
nuclear localization and two conserved domains (the Sp motif and a putative C zinc
fmger) required for repressor fuction. We also demonstrate that Nlz self-associates via
its C-terminus, interacts with Nlz2 and binds to histone deacetylases. We find two forms
ofNlz generated from alternative translation initiation sites in vivo. These have distinct
activities, apparently due to differential activity of the N-terminal Sp motif. We conclude
that Nlz2 fuctions as a transcriptional repressor, similar to Nlz, and that Nlz family
proteins possess distinct domains involved in the mediation of nuclear localization, self-
association, corepressor binding and repression.
Keywords: Corepressor; Groucho; Hindbrain; Histone deacetylases; Nlz; Rhombomere;
Spi proteins; Transcription; Zebrafish; Zinc-fmger.
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Introduction
We recently identified nlz as a member of a novel sub-family of zinc-finger
protein (1). We find that Nlz fuctions to control segmental gene expression in the
zebrafish hindbrain and likely represses transcription by recruiting the corepressor
Groucho (I). Sequence similarities between members of this zinc-fmger sub-family
suggest that the fuctions of these proteins are evolutionarily conserved. Indeed, the Nlz-
related proteins NocA, Elbow and TLP- I have been found to playa role in
morphogenesis of embryonic strctues in Drosophila 3) and C. elegans (4).
Homozygous elbow and nocA mutants exhibit defects in tracheal development
paricularly stalled and aberrant migration of the dorsal branch and lateral trs of the
trachea (3). Conversely, misexpression of elbow in the trachea results in the repression of
genes expressed in the visceral branch and dorsal tr while the number of cells forming
the dorsal branch increase (3). Homozygous nocA mutants also display brain anomalies
such as protrsion of the embryonic supraesophageal ganglion and a reduction of ocell
(photosensory cells) (2). Mutations in tlp- affect specification of asymetric cell fates
and cell fusion resulting in abnormal tail morphogenesis in C. 
elegans (4). This sub-
family also includes two hypothetical proteins each in the mouse and human
, which have
not yet been fuctionally characterized (1, 5).
The Nlz sub-family of zinc-finger proteins is related to the vertebrate SpI-like
family of transcription factors (1,4). Members of both families are expressed in
developing embryos. However, while nlz-related genes have restrcted expression
patterns, spl-related genes are more ubiquitously expressed. Spi-like proteins have been
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found to fuction both as transcriptional activators or repressors , depending on context
(6), but to date Nlz-related proteins have only been shown to mediate transcriptional
repression (1 3). Several domains are common to both families , including the Sp motif
the Buttonhead (Btd) box and the CzHz zinc-fmger domain as well as serine/theorine- and
glutamine-rich regions. While some of these domains are essential for Sp 1 fuction, their
specific roles are not known and it is not clear what role they may play in Nlz family
proteins.
We recently reported the existence of a second zebrafish gene in this family, nlz2
in the EST database (1). We have now cloned nlz2 and fmd high homology between nlz
and nlz2. In particular, the Sp motif, a domain resembling the Btd box and a putative
CzH zinc fInger are all conserved. We fmd that nlz2 is expressed similarly to nlz durng
gastrla stages. Specifically, nlz2 is expressed together with nlz in a broad dorsoposterior
domain durng gastrla stages. Durng the segmentation period nlz and nlz2 are co-
expressed at the midbrain-hindbrain boundar (MHB), but the nlz2 expression pattern
also diverges from nlz. In particular, although nlz and nlz2 are both expressed in the
caudal hindbrain nlz2 expression never expands rostral to the rhombomere (r) 5 segment
while nlz expression encompasses most of the hindbrain up to the r2 segment.
Additionally, nlz2 is expressed in the forebrain
, where nlz expression is never observed.
We fmd that misexpression ofnlz2 similar to nlz results in a loss ofr3 gene expression
suggesting that nlz2 and nlz fuction similarly as repressors. We next tested the fuction
of domains conserved among members of the Nlz family. We find that nuclear
localization of both Nlz2 and Nlz depends on an intact C-terminus and that nuclear
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localization is required for nlz fuction. We also discovered that Nlz binds histone
deacetylases (HDACs), self-associates and binds to Nlz2, but Nlz self-association does
not appear essential for fuction. Western blot analysis of endogenous Nlz revealed two
forms ofNlz, apparently generated by the use of alternative translation start sites. Furer
analyses determined that the two forms ofNlz have distict activities in vivo and
demonstrated that a domain located in the N-terminus , shared among the Spi family 
transcription factors, may regulate Nlz-mediated repression independently of Groucho
and HDAC binding.
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Experimental Procedures
RT-PCR and Cloning
RNA was extracted from lO-hour stage embryos using the ToTally RNA Isolation
Kit (Ambion). cDNA was synthesized with Superscript II Reverse Transcriptase (Gibco
BRL) according to the manufactuer s instrctions. The coding region ofnlz2 was
amplified with primers 5' CCGCTCGAGAGATCTATGATCACATCGCCCTC-3' and
TGCTCTAGACAATCACTGGTATCCAAGCG-3' from cDNA using the Expand
High Fidelity PCR System (Roche) according to the manufactuer s instrctions. The
amplified nlz2 product was purified using the QIAquick PCR Purfication Kit (Qiagen),
digested with XhoI and XbaI and subcloned into the same sites of pCS2+MT. The
sequence of nlz2 was submitted to Genbank as accession# A Y3 71081. The nlz2 constrct
was then digested with HindII and XbaI and the coding region (including the myc
epitope tags) was sub cloned into the same sites ofhsp70+NLS+MT. The hsp70:nlz
constrct was generated by excising the nlz coding region (including the myc epitope
tags) with HindIII and NotI and subcloned by utilizing the same sites in
hsp70+NLS+MT. Nlz deletions constrcts were generated as described previously (1) or
by standard molecular biology clonig techniques into the pCS2+, pCS2+MT or
pCS2+NLS+MT vectors. The N-terminus of grg3 (nucleotides# 1-795 of the open
reading frame) was amplified with primers 5'
TAGAATTCAATGTATCCGCAGGGCCGGCAT-3' and 5'
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GAAGGCCTCTCGTTGGACACATCCACCAC-3' from cDNA , digested with EcoRI
and StuI and sub cloned into the same sites in pCS2+
In situ hybridization and immunostaining
Whole- and flat-mount in situ hybridizations using digoxigenin- or fluorescein-
labeled antisense RNA probes was performed as described (1,7) including a probe
containg 1149 nucleotides of the nlz2 coding region (synthesized from the EST
fc59b07. , whose sequence was cloned into the NotI and SaIl sites of the pSPORTI
vector). Fluorescent immunostaining was performed as described (1 8).
Embryo injections
Synthesis and injection of capped mRA encoding for the nlz deletion constrcts
were performed as described (1). Embryos were also injected with the following DNA
constrcts: hsp70:nlz2, hsp70:nlz or hsp70:GFP whose coding region is under the
control of a heat shock- inducible promoter, at the 1-2 cell stage, heat-shocked at 70%
epiboly (-7.5 hpf) for one hour at 37 C and fixed at the IO-somite stage (14 hpf).
GST pull-down and Western analysis
GST:Nlz was constrcted by excising the nlz coding region from pCS2+MT:nlz
with EcoRI and NotI and sub cloned into the pGEX-6P-3 vector (Pharmacia) by utilizing
the same restriction sites. The GST:Nlz fusion protein was expressed in BL21 cells
(Pharacia) for 16 hours at room temperatue by the addition of 0. ro IPTG. The
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bacteria was lysed and GST:Nlz protein was purified using a GST Purfication Module
(Pharmacia) according to the manufactor s instrctions. Nlz constrcts were in vitro
labeled with S-methionine using the TnT SP6 Coupled Reticulocyte Lysate System
(Promega). GST pull-downs were performed as described (1).
Anti-Nlz antiseru was derived from rabbits immuned with purfied Nlz protein
(Research Genetics, Inc.). Western blot analyses confIr that prebleed seru did not give
any signal and the anti-Nlz antiseru specifically recognzed Nlz protein. For Western
blot analysis, lysates of three gastrla-stage embryos or protein in vitro synthesized from
the TnT SP6 Coupled Reticulocyte Lysate System (Promega) were used per lane.
Samples were resolved on a 10% polyacrylamide gel by SDS-PAGE, Western blotted
probed with a 1:5000 dilution of the anti-Nlz antiseru and a 1:5000 dilution of anti-
rabbit Ig, Horseradish Peroxidase linked whole antibody (from donkey) (Amersham
Biosciences), and detected using chemiluminescence.
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Results
Nl2 is related to and functions similarly to Nlz
Nlz2 and Nlz share conserved domains
We have previously reported that an nlz-related sequence nlz2 can be assembled
from a series ofESTs (1). However
, since none of these ESTs contains the entire nlz2
open reading frame, we cloned nlz2 from mid-gastrla zebrafish cDNA (see methods).
Sequence analysis demonstrates that Nlz2 exhibits 55.3% identity to the Nlz protein. Nlz
and Nlz2 share several higWy conserved regions (Fig. 1). These include the Sp motif (a
short N-terminal region shared among the vertebrate Spi-like family of transcription
factors) (1 4), the Buttonhead (Btd) box (an eight- to eleven-amino acid motif that
mediates transcriptional activity) (9), a putative C H2 zinc-fmger (which may paricipate
in nucleic acid or protein binding) (10- 12), and serie/threonine-rich regions (which may
govern transcriptional activation) (13). This homology suggests that Nlz2 may have
similar activity to Nlz.
nlz2 is co-expressed with nlz at gastrlation stages, but expression diverges by
segmentation stages
In situ hybridization analysis on zebrafish embryos reveals 
nlz2 mRA early and
throughout the blastomeres (Fig. 2A B) suggesting that it is maternally deposited. We
find that at early gastrla stages nlz2 appears to be co-expressed with nlz near the
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blastoderm margin with a gap in the dorsal midline (Fig. 2C) that is eventually enclosed
at mid-gastrla stages (Fig. 2D). At late-gastrla stages nlz2 is expressed in a broad
posterior domain (Fig. 2E), similarly to 
nlz (1). At early segmentation stages (11 hpf),
nlz2 is expressed in the forebrain, the posterior hindbrain caudal to rhombomere (r) 4
(Fig. 2F K) and expression extends throughout the whole length of the tr (not shown).
By the 3-somite stage (12 hpf), nlz2 expression is initiated in the midbrain-hindbrain
boundary (MH), as delineated by nlz (Fig. 2G) and pax2. (Fig. 2L) expression in the
MH. Also , at this stage, expression ofnlz2 in the forebrain appears to expand (Fig.
L). At the lO-somite stage (14 hpf), 
nlz2 expression is maintained in the forebrain
, the
caudal hindbrain and the tr, with expression in the MH broadening anteriorly to
encompass the midbrain (Fig. 2H). By the 14-somite stage (16 hpf), 
nlz2 expression in
the midbrain is reduced and expression in the forebrain extends to the optic primordium
(Fig. 21). At the 22-somite stage (20 hpf), 
nlz2 expression persists in above-mentioned
regions including the optic stalk (Fig. 2J). In conclusion
, we fmd that nlz2 is expressed
similar to nlz in the caudal hindbrain (although 
nlz2 never extends rostrally to r5) and the
, however it is also expressed in the forebrain
, midbrain and tr.
nlz2 has similar activity to nlz
We have proposed that Nlz acts as a repressor of transcription and reported that
misexpression of full- length nlz causes loss of gene expression in the rostral hindbrain of
zebrafish embryos (1 ). We next sought to determine if nlz2 has a similar fuction. We
found that injecting nlz2 mRNA into embryos did not give a high level expression of
138
T-.
Nlz2 protein, likely due to the mRNA being unstable (not shown). We instead tued our
efforts to misexpressing nlz2 under the control of a heat shock-inducible promoter
(hsp70). Embryos were injected at the 1- to 2-cell-stage with either hsp70:nlz2, hsp70:nlz
or hsp70:GFP heat-shocked at 70% epiboly (-7.5 hpf) for one hour at 37 C and fixed at
the 10-somite stage (14 hpf). This leads to efficient induction as seen by 
hsp70:GFP (Fig.
3A). We then assayed for defects in the rostral hindbrain by in situ analysis for krox20
expression (a marker for r3 and r5 (14)). We fmd that misexpressing 
nlz under control of
the heat shock- inducible promoter represses krox20 in r3 , but not in r5 (Fig. 3C, Table I).
This phenotye is identical to that observed upon the injection ofnlz mRA (1),
demonstrating that the heat shock-inducible constrct work as well as mRA injections.
We also find that misexpressing nlz2 under the control of a heat shock-inducible
promoter results in a similar phenotye (Fig. 3D , Table 1). We conclude that ectopic
expression of nlz2 similar to nlz disrupts gene expression in the rostral hindbrain.
In vivo structure-function analysis reveals domains essential for Nl function
Our sequence alignment in Figure 1 defined several domains conserved between
Nlz and Nlz2 , and we next set out to define the importance of these domains for nlz
function. We elected to perform much of our structure-function analysis in zebrafish
embryos since this provides a physiologically relevant environment and the functional
analysis can be done rapidly (embryos can be assayed at 5- 14 hours after mRA
injection).
'" j)
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Nlz functions primarily in the nucleus and its localization is governed by the C-terminus
We have previously shown that Nlz is a nuclear protein (1), but Nlz does not
contain a consensus nuclear localization signal (NS). In order to begin to understand
how Nlz translocates to the nucleus, we set out to defme the domain essential for nuclear
localization. To this end, we determined the subcellular distribution of a panel ofNlz
deletion constrcts (sumarized in Fig. 4). Embryos were injected with 800 pg mRA
encoding Myc epitope-tagged Nlz deletion constrcts at the 1- to 2-cell stage, flat-
mounted at early gastrla stage 5 hpf) and examined for distrbution of the Myc-tagged
protein by fluorescent immunohistochemistr (Fig. 4). We fid that Nlz constrcts with
terminal deletions (NlzL\92C and NlzL\173C) reside primarily in the cytoplasm (not
shown and Fig. 5B) instead of the nucleus, while N-terminal or internal deletions (e.
NlzL\60N, NlzL\II5N, NlzL\II6-234, NlzL\238-384 and NlzL\1I6-384) do not affect
nuclear localization (not shown and Fig. 4). Specifically, the fact that NlzL92C is
cytoplasmic, but NlzL\23C is nuclear, indicates that amino acids# 498-566 are important
for the nuclear localization ofNlz. Since Nlz2 shares high homology to Nlz
, we reasoned
that the Nlz2 C-terminus might also govern nuclear localization. We fmd that Nlz2 is
indeed a nuclear protein (Fig. 5C) and nuclear localization is dependent on an intact C-
termus since an Nlz2L\180C constrct is primarily cytoplasmic (Fig. 5D).
To determine ifNlz function is dependent on nuclear localization
, we then
expressed trcated constrcts that localizes primarily to the cytoplasm and assayed for
Nlz fuction by quantifying the number of injected embryos affected (not shown and Fig.
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4). Embryos were injected at the 1- to 2-cell-stage with 400 pg mRA encoding each
constrct, fixed at the 10-somite stage (14 hpf) and assayed for defects in the rostral
hindbrain by in situ hybridization analysis. We fmd that NIZL92C has a reduced activity
(Fig. 4, 19.7% of injected embryos affected vs. 64.9% for wild-tye Nlz). However, upon
addition of a NLS to Nlz 92C, the frequency of affected embryos becomes comparable
to full-length Nlz (Fig. 4, 79.4% vs. 64. , respectively). This suggests that Nlz must
reside in the nucleus to be fully active. We also fmd that NIZL173C is likewise inactive
(Fig. 4, 6.4%) and localizes primarly to the cytoplasm (Fig. 5B). Interestingly,
Nlz 173C remains inactive even with the addition of a NLS (Fig. 4, 0:5%), suggesting
that other regions (amino acids# 417-497) are necessary for Nlz fuction. Accordingly,
we fmd that a constrct lackig the CzHz zinc figer (amino acids# 461-492, NlzAF) is
less active than full-length Nlz (Fig. 4, 19.7% vs. 69.4%, respectively), although it
localizes to the nucleus (not shown and Fig. 4) and interacts effciently with Groucho (I).
We conclude that the C-terminus is required both for nuclear localization (via amino
acids# 498-566) and for fuction (via CzHz zinc-figer).
nlz is co-expressed with a groucho-related gene and associates with class I histone
deacetylases
We have demonstrated that Nlz associates with the Groucho corepressor in vitro
and that nlz represses gene expression in the hindbrain (1 ). We next tested if groucho-
related genes are co-expressed with nlz in the rostral hindbrain. To this end, we
performed in situ analysis at the IO-somite stage (14 hpf) with a probe for 
grg3 (the only
t..
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zebrafish member of the groucho family isolated to date) (15 16) together with nlz (Fig.
6A) or markers for the hindbrain (r3 and r5) and the midbrain-hindbrain boundary (Fig.
6B). We fmd that grg3 is expressed in the anterior region of the embryo, encompassing
the forebrain, the midbrain, and extending into the rostral hindbrain at least to r4 (Fig.
B). This suggests that groucho-related genes might mediate repression by nlz in the
rostral hindbrain and raises the possibility that Nlz interacts with other corepressors
fuher caudally.
We next tested ifNlz bind histone deacetylases (HDACs), corepressors that
fuction by removing acetyl groups from core histones and maintain a transcriptionally
silenced chromatin state (17 18). Utilizing GST pull-down assays , we find that Nlz
associates with two class I HDACs (HDACI and 2) (Fig. 6C, lane I and not shown). To
determine the region ofNlz required for this interaction, we utilized our panel ofNlz
deletion constrcts and tested them for HDAC2 binding in the GST pull-down assay (Fig.
6C). We fid that Nlz constrcts lacking the C-terminalI73 amino acids exhibits
significantly weaker binding with HDAC2 (Fig. 6C , lane 2). We also find that deletions
within the C-termnal206 amino acids (Fig. 6C, lanes 4-7) or the internal region (amino
acids # 116-384, not shown) were not essential for HDAC2 binding. Instead, deletions of
the region between the Btd box and the C2 zinc finger (Fig. 6C , lanes 8 9) severely
affected HDAC2 binding, indicating that this region is required for HDAC2 association.
We note that this region is also involved in Groucho binding (1) and since Groucho
mediates repression by recruiting HDACs (17 18), this might point to a synergistic effect
between Nlz, Groucho and HDACs in mediating transcriptional repression.
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Nlz selfassociates and binds to Nlz2
Since the Nlz-related protein Elbow was found to associate with itself (3), we
tested ifNlz can self-associate by using GST pull-down assays (Fig. 7A). We find that
indeed, Nlz interacts efficiently with itself (Fig. 7 A
, lane I). In order to determine the
domain ofNlz required for this association
, we utilized our panel ofNlz deletion
constrcts (sumarized in Fig. 4) and tested them for N1 interaction in the GST pull-
down assay (Fig. 7A, lanes 2 to 10). We fmd that the Nlz interactions are dependent on
an intact C-terminus - deletions within the N-terminus ofNlz has no effect on Nlz
association (Fig. 7 A, lanes 2 and 3; NlZi115N and Nlz I16-234), while deletions within
the C-terminus exhibit weaker binding (Fig. 7A
, lanes 4 9 and 10; Nlz 238-384
Nlz 385-460, Nlz 408-460, Nlz 92C and Nlz I73C) except for 23C (not shown).
Deletion of either the Btd box or the CzH zinc finger alone did not significantly decrease
Nlz interaction (Fig. 7 A, lanes 7 and 8). Taken together, the data in Fig. 7 A suggest that
there are multiple regions required for self-association located within the C-
terminal half
ofNlz (amino acids# 238-566).
To determine ifNlz self-association plays a role in 
nlz fuction, we misexpressed
Nlz deletion constrcts that exhibit weaker Nlz association (Nlz 238-384, Nlz 385-460
Nlz 408-460, Nlz 92C and Nlz I73C) and assayed their activity (summarized in Fig.
4). Some of these trcated nlz constrcts are equally active to full-length Nlz (Fig. 4
g. Nlz 238-384, 41.6%), suggestig that self-association is not essential for Nlz-
fuction. Although some other constrcts display a pronounced reduction in activity
tf,
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compared to full- length nlz (Fig. 4, e.g. Nlz 408-460 , 25.7%; Nlz 92C, 19.7%;
Nlz 173C, 6.4% and N1 385-460, -C5%), this can be explained by the lack of other
essential domains (such as the C H2 zinc-fmger) in those constrcts. Thus , we do not find
a correlation between self-association and fuction suggesting that self-association is not
necessary for Nlz fuction.
We next examined ifNlz2 is capable of interacting with Nlz. Utilizing GST pull-
down assays, we fmd that that Nlz2 and Nlz do indeed form complexes (Fig. 7B
, lane I).
Since Elbow and Noc are thought to fuction as a complex in repressing the expression
of target genes (3), this indicates that a Nlzlz2 complex may fuction in the caudal
hindbrain or at the MHB
, where nlz and nlz2 are co-expressed.
Two forms of Nl with distinct N-termini and disparate activities are present in vivo
Two forms ofNlz are present in vivo
Western analysis using polyclonal rabbit antisera raised against full-length Nlz
revealed two major bands in lysates from gastrla stage embryos (Fig. 8A, lane I) - a 72
kDa form, which is close to the predicted size for Nlz, and a small molecular weight form
(62 kDa). We fmd that these two forms are detected in embryo lysates from the 50%
epiboly stage (5 hpf) to at least the 10-somite stage (14 hpf) (not shown). We also fmd
that in vitro translation of a plasmid containing the 
nlz cDNA yields the same two forms
but with the smaller 62 kDa form predominatig (Fig. 8A, lane 2). We conclude that two
-1iI,.
144
forms of Nlz are present in vivo and that both forms can be generated from the same
cDNA.
Alternative translation initiation sites generate the two forms of Nlz
We reasoned that the two forms of Nlz might be the result of translation intiating
from two distinct start sites in the nlz transcript. In support of this idea, a downstream
AUG is present at residue# 61 and translation from this site would generate a 62 kDa
protein. Sureys of eukarotic mRAs have defined a consensus sequence (Kozak
sequence) for initiation codons (5' GCC GCC A/GCC AUG G /cU- ) with the most
important positions for efficient translation being a purne at position -3 and a G at
position +4 (with the A of the AUG codon defmed as position + I) (19 20). Signficantly,
the initiation codons present in endogenous nlz (5' G A CAG AUG AGC- ) or in
the nlz plasmid (5' CCG AAU UCA AUG AGC- ) lack the conserved nuc1eotides at
positions -3 and +4 (bases that match the Kozak sequence are underlined) and two
protein forms are detected for these transcripts (Fig. 8A, lanes 1 and 2, respectively).
Thus, inefficient recognition of the upstream initiation site may result in a portion of the
translation machinery complex continuing to scan and initiating at the downstream site
, a
process known as leaky scanning (21 22). Notably, the downstream intiation site located
at amino acid# 61 (5' AUU CUC AA AUG UUG- ) has the conserved nucleotide at
position -
The leaky scanng hypothesis was tested by generating two new constrcts. In
the first (kozak:nlz), we placed an improved Kozak sequence upstream of the Nlz star
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codon (5' GCC GCC ACC AUG AGC- ) in the nlzplasmid. In the second (nl et-
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we mutated the downstream initiation site from methionine to glycine and proline
(5' AUU CUC CCC GG- ). In vitro translation from the kozak:nlzplasmid (Fig.
, lane 3) yielded both the full-lengt and the smaller Nlz protein. However, the protein
levels were reproducibly reversed relative to translation from the 
nlz plasmid (Fig. 8B
lane I), consistent with translation now being intiated more efficiently at the upstream
AUG. In vitro translation of 
ePGlyPro yielded the full-lengt Nlz protein, but the
smaller 62 kDa form was not present (Fig. 8B , lane 2), consistent with intiation at the
downstream AUG site being eliminated. In this lane an even smaller Nlz form was
apparent, perhaps due to initiation at a site even fuher downstream (e.g. 5' ACC ACC
AC AUG GA 3' at amo acid # 231). We conclude that the two forms ofNlz can be
generated by translation from two initiation sites in the 
nlz transcript.
We note that in vitro translation from a plasmid containing a cDNA encoding the
Myc-tagged Nlz protein (Myc:Nlz) yields a single protein of 90 kDa (Fig. 8B
, lane 4).
This size closely corresponds to the large form (full-length) ofNlz plus the Myc tags
suggesting that introduction of a Myc tag at the N-terminus prevents generation of the
smaller form of Nlz, perhaps by favorig translation from the initiation codon contributed
by the Myc tags. Indeed
, the myc:nlzplasmid has an intiator codon (5' UU AA GCU
AUG GA ) that is more similar to the consensus Kozak sequence.
The two forms of Mz have distinct activities
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Since we detect two forms ofNlz in the embryo
, we next examined if the two
forms have the same activity in vivo. To this end
, we generated a constrct
(myc:nlzi160N with the fIrst 60 amino acids deleted) that encodes only the small form of
Nlz (Fig. 8B , lane 5) and compared it to Myc:Nlz, which generates only the full-length
form (Fig. 8B , lane 4). To examine the effect of these constrcts
, we microinected 400
pg 
mRA encoding each constrct into 1- to 2-cell-stage zebrafish embryos and assayed
for defects in the rostral hindbrain. We fmd that Myc:Nl 60N is expressed at similar
levels to Myc:Nlz (1) and induces a loss ofr3 gene expression comparable to Myc:Nlz
when misexpressed (Fig. 4, 49.3% vs. 64. , respectively). However, about half of the
myc:nlzi160N- injected embryos (Fig. 4, 46.6%) exhibit an extensive overlap in r4- and r5-
specific gene expression with occasional lateral expansion of rhombomere-specific gene
expression and defective notochords (not shown). This observed effect is similar to the
phenotyes associated with misexpression of a dominant negative Nlz (dnlz) constrct
generated by disrupting the Groucho binding site in Nlz (I). We conclude that
Myc:NlzL\60N can fuction similar to Myc:Nlz, but it may also be able to block Nlz
fuction under some circumstances.
An N-terminal motif is important for Nlz-mediated repression
Although the short form ofNlz (myc:nlzi160N) has dominant negative activity
similar to dnz (Fig. 4), it still binds Groucho (not shown) while dnlz does not (I).
This suggests that the N-terminus ofNlz may contain an additional domain required for
repression. To test this
, we utilized our panel of nlz deletion constrcts to defme this
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. essential N-terminal domain (summarized in Fig. 4). Zebrafish embryos were injected at
1- to 2-cell-stage with mRA encoding each Myc-tagged constrct and assayed for their
phenotye by in situ analysis (not shown, Fig. 4). We fmd that removal of a small domain
(amino acids # 88- 115), which is found in the vertebrate Spi-like family of transcription
factors (that we named the Sp motif), is suffcient to induce the domiant negative
phenotye (Fig. 4, 37. 7% ofnlu188- 115 injected embryos). Since this constrct does not
disrupt co-repressor binding (I), we conclude that the Sp motif represents a domain
required for Nlz fuction.
We note that N -terminal trcations that remove the Sp motif (nlu188- 115 and
nlzt1115N) give rise to only the dominant negative phenotye (Fig. 4, 37.7% and 41.
respectively). In contrast, N-terminal trcations that remove domains situated in close
proximity to the Sp motif (nlzt160N and nlzt1116-234) retain activity associated with
wild-tye N1 (Fig. 4, 49.3% and 32. , respectively) while also exhibiting the dominant
negative phenotye (Fig. 4, 46.6% and 46. , respectively). One exception may be
Nlz II6-384, although this constrct posses a large deletion ( 50% of the protein). We
suggest that removal of adjacent sequences may partially interfere with the Sp motif to
generate forms ofNlz that have both activities (albeit at reduced frequencies). While we
have no evidence suggesting that generation of the short form is regulated in vivo, its
presence may modulate Nlz fuction in the developing embryo.
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Discussion
In this study we show that nlz2 and nlz share conserved domain , are co-expressed
during hindbrain development and are both able to repress gene expression in the rostral
hindbrain. We use strctue-fuction analysis to determine that nuclear localization of
Nlz2 and Nlz is governed by their respective C-termini and that Nlz function is enhanced
when residing in the nucleus. We fmd that Nlz associates with itself
, as well as with
Nlz2, although self-association does not appear to be essential for tested Nlz activities.
We have previously shown that Nlz binds Groucho
, but here fid that nlz is not always
co-expressed with a 
groucho-related gene (gg3), and instead may associate directly with
histone deacetylases in some regions of the embryo. Two forms ofNlz
, resulting from
translation intiating at two distinct start 
sites in the nlz transcript, were detected in vivo.
These forms possess distinct fuctions as a result of differential activity of the Sp 1
domain, an N-terminal domain required for Nlz-mediated repression. We conclude that
nlz genes regulate development of the zebrafish hindbrain
, though the usage of conserved
domains and the interaction with corepressors.
Nlz family zinc1inger proteins behave as transcriptional repressors
It is likely that members of the Nlz zinc-finger family reguate various aspects of
embryological development through the transcriptional repression of target genes (1-
3).
We have shown that the misexpression of 
nlz in zebrafish embryos results in the loss of
genes expressed in r2 and r3 , concomitant with a partial expansion of genes expressed in
t'i
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r4 into r3 and interference with endogenous nlz fuction leads to an expansion of r5-
specific gene expression into r4 (I). Here we show that misexpression 
ofnlz2 also results
in loss of r3 gene expression (Fig. 2D and Table I). Parallel to these results in zebrafish
related genes in Drosophila and C.elegans may have simlar activities (2-4).
Homozygous mutants display expanded expression of tracheal-specific genes and defects
in embryonic brain and head strctues while the misexpression of either nocA or elbow
results in visceral branch migration defects (2 3). While tlp- mutants in C.elegans
exhibit abnormal tail morphology due to defects in cell fusions and changes in cell
polarity, it is not clear ifTLP- 1 is involved in transcriptional repression or activation (4).
The fuction of the Nlz-related genes in the mouse and human also have not been
elucidated (1 ). We conclude that the biological activities of elbow and nocA in the
trachea, and nlz and nlz2 in the rostral hindbrain, are consistent with a role in repression
of transcription.
Repressors are expected to fuction in the nucleus and consistent with this, Elbow
(3), TLP- l (4), Nlz (I) and Nlz2 (Fig. 5C) localize to the nucleus. Additionally, we have
determined that Nlz fuction is dependent on nuclear localization (Fig. 4), suggesting that
Nlz-related proteins must reside in the nucleus in order to exert their full activity. Nlz
family proteins appear to mediate repression by associatig with corepressors. Both
Elbow (3) and Nlz (1) associates with the corepressor Groucho and we have also
determined that Nlz binds class I histone deacetylases (Fig. 6C). 
grg3 expression is
present in the zebrafish rostral hindbrain (Fig. 6A B), while HDACI is expressed
ubiquitously (Zchut & Sagerstrom, unpublished results) suggesting that Nlz may bind
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different corepressors in different regions of the embryo. Lastly, a 
trcated nlz constrct
lackig the corepressor interaction domain, disrupts endogenous Nlz fuction (1). This
collectively suggests that Nlz-related proteins repress the transcription of genes by
recruiting corepressors.
It is not known if Nlz-related proteins can bind to DNA since DNA-binding
proteins often contain several C H2 zinc fmgers (12) and Nlz-related proteins only
contain one such motif (Fig. 1 ). We have determined that the putative C H2 zinc finger is
important for Nlz fuction since removal of this domain resulted in a reduced number of
affected embryos in our ectopic expression assay (Fig. 4). The association of two Nlz-
related proteins, as a fuctional complex, would provide a suitable number of C H2 zinc
fmgers necessary for DNA binding (I). Elbow was found to homodimerize
, in addition to
heterodimerize with NocA, and suggested to fuction as a complex to repress dorsal
tr genes in the dorsal branch and visceral branch genes in the lateral trs (3).
Though we fmd that Nlz can self-associate (Fig. 7 A), as well as interact with Nlz2 (Fig.
7B), our misexpression analyses of nlz deletion constrcts suggest that self-association is
not necessar for Nlz-mediated repression (Fig. 4). Though the zinc fmger domain of the
Nlz-related proteins closely resembles the consensus C sequence (4), important
differences remain. Strctual analyses have determined that the amino acids at positions
, 3 and 6 of the consensus are required to make base-pair contacts with the primary
DNA strand whereas the amino acid at position 2 makes contact with the complementary
strand of DNA (23). The zinc fmger domain of the Nlz-related proteins only share
conserved residues at positions 2 and 3 (not shown), suggesting that this domain is not
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capable of binding DNA. In addition, residues that mediate phosphate contacts at
positions - , 7 and 15 (23) are conserved with the Nlz-related proteins at only one
position (not shown). This suggests that the C2H zinc finger ofNlz-related proteins has
insuffcient characteristics to be considered a DNA binding motif. Although we canot
exclude the possibility that residues flankng the zinc-fmger domain might be involved in
DNA recognition (24 25), we favor the possibility that the single zinc fmger of the Nlz-
related proteins may instead mediate protein-protein interactions , as reported for other
H2 zinc fmger proteins (26-28).
Nlz proteins are broadly related to the Spl family of transcription factors
We have deduced that a domain located at the N-terminus ofNlz (Sp motif) is
required for fuction (Fig. 4). We fmd that this region (amino acids # 88- 115 in Nlz) is
shared among the vertebrate Sp I family of transcription factors (named after its
purfication process which included S.ephacryl and 12hosphocellulose colums) (29). The
vertebrate Sp I-related proteins are broadly related to the Nlz sub-family of zinc- fmger
proteins (4) and are also involved in mediating embryonic development though the
regulation of transcription. Homozygous mouse knockouts of the Spl-1ike factors have
determined that these genes are importnt for vitality and growth of the embryo. spl
knock-out mice display retarded growth and severe abnormalities durng development
withstanding the fact that Sp 1 has been found to activate the transcription of numerous
genes (30), and mice lacking sp3 exhibit a loss of gene products necessary for the
dentinlenamellayer of the developing teeth and an impairment for proper skeletal
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ossification (31 32). The spl-related gene sp4 is expressed in the central nervous system
of mouse embryos and homologous recombination was used to generate mice lackig the
conserved zinc-fmger domains of Sp4 (33). These mutant mice exhibit low postnatal
surival rates and growth, in addition to male fertility behavioral defects. sp5 
dynamically expressed in the mouse neural tube and while mice homozygous for a sp5
null mutation does not exhibit an overt phenotye, it has been shown to enhance the
penetrance of the T mutation (null allele of brachyury) (34). This has been suggested to
support a genetic interaction between sp5 and brachyury and a role for Sp5 in regulation
of transcription in the developing embryo. Taken together sp knockout mice exhibit a
wide range of defects, most of them severe enough to reduce viability, suggestig that
Sp I-related proteins are essential for normal development. Interestingly, while Nlz-
related proteins fuction as repressors , in part to their association with corepressors , most
Sp1-like proteins mediate activation of transcription. One exception is Sp3 , which
contains an inibitory domain (amino acid trplet KEE) that silences its own glutamine-
rich activation domain (35). However, Sp3 has the potential to activate transcription in an
in vitro assay (9 35), suggestig that the in vivo transcriptional activity of Spi-related
genes may be modulated by additional cofactors to confer activation versus repression in
the developing embryo. Other vertebrate Sp I-like genes include zebrafish Bts I
(buttonhead/Sp-related- l), which is involved in the induction and early maintenance of
pax2. expression at the MH (36). Bts1likely fuctions as a transcriptional activator
due to its ability to activate the expression of coller (co/), a downstream target of
buttonhead (btd), in Drosophila btd mutants. The two Drosophila Spi-related proteins
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(Buttonbead and D-Sp I) have also been shown to fuction as transcription factors
important for embryonic development (segmentation of the head) (37-
39). However, they
do not contain a region homologous to the Sp motif and are found to be more distantly
related to the Nlz and Spl families (4). XSPR-
, a novel Spl-related protein in Xenopus
laevis was found to be expressed in the neuroectoderm (as well as the forebrain
, otic
vesicles and the MH) durg embryogenesis (40). However
, the fuction of this gene
has not been elucidated yet.
The vertebrate Sp 1 family shares conserved domains that are important for
fuction (13 41-43). One of these regions is the thee C zinc fmgers, which
have been found to bind to a GC/GT boxes widely distrbuted in promoters and enbancers
(44-48). Spl-like factors also have multiple 
serie/threonine- and glutamine-rich regions
which have been determined to mediate transcriptional activation (13
43). An eleven-
amino acid motif, termed the Buttonhead (Btd) box
, is present in all vertebrate Spl-like
proteins and have been found to contrbute to the activation of transcription (9). Lastly,
an N-terminal domain (which we termed the Sp motif) is also conserved
, the fuction of
which is unown (34 36). We point out that Nlz-related proteins share some broad
characteristics with the vertebrate Spl family (Fig. I) and may represent a sub-
family (4).
Nlz-related proteins contain only one putative C
zinc finger (Fig. l) and we have
shown that this domain is important for Nlz
s ability to function as a transcriptional
repressor (Fig. 4). A domain that we tentatively identified as a putative zinc fmger of the
HC or CHC class (I), may instead weakly resemble the Btd box (4). Deletion of this
domain in Nlz (together with an adjacent region) reduces its affinity for the corepressors
154
Groucho (1) and HDACs (Fig. 5C) and instead behaves as a dominant negative (Fig. 4
and (1)). Interestingly, deletion of a small region (24 or 31 amino acids , including the Btd
box) immediately adjacent to the three zinc fmgers in Spi results in a reduction of
transcriptional activation (9,41). This indicates that the Btd box plays an important role in
determinng protein fuctionality. Nlz also exhibits multiple serine/threonine-rich regions
(amino acids # 112- 137 , 181-201 244-289 and 425-445) and a glutamine-rich region
(amino acids # 203-227) similar to the activation domains of Spl (Fig. 1). We note that
while deletion of these regions reduces the transcriptional activity of Sp I (41),
encompassing larger deletions in Nlz resulted in a reduction of the repressor phenotye
and an increase in the dominant negative phenotye (Fig. 4, e.g. Nlz II6-234, Nlz 116-
384, Nlz 238-384 and Nlz 408-460). Lastly, the Sp motif is shared between both the
vertebrate Spl and Nlz families (1,4). Deletion ofN-terminal regions , including the Sp
domain, has not been found to significantly dampen the transcriptional activity of Sp 
(41). However, we fmd that deletion of the Sp motif (or adjacent regions) is suffcient to
induce dominant negative Nlz activity (Fig. 4). We propose that the Sp motif in Nlz-
related proteins may mediate transcriptional repression of target genes through the
association with another factor. Deletion of this region (or an adjacent region to interfere
with its function) would then result in a de-repression of target genes. We have
determined that deletion of the Sp motif does not interfere with corepressor interaction
(Fig. 5C and (1)). Interestigly, p74 has been identified to specifically bind the N-
termnus of Sp I and inhibit Sp I-mediated transcription in vivo (49) and a similar
mechansm may regulate Nlz fuction. Taken together, our observations indicate that
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Sp 1- and Nlz- family proteins utilize similar fuctional domains although the various
family members may have different effects on transcription (activation vs. repression),
perhaps as a result of interactions with different cofactors.
'-'
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Table 1
Misexpression of nlz2 represses r3 gene expression
Constrct Embryos affected (%)
hsp70nlz2 52.6 (82/156)
hsp 70nl 68.7 (68/99)
hsp70GFP 0 (0/163)
a One- to two-cell-stage embryos were injected with 50 pg ofhsp70GFP
, hsp70nlz
or hsp70nlz2 DNA, heat shocked at 70% epiboly for one hour at 37
, fixed at the 10-
somite stage and analyzed by in situ hybridization for 
krox20 expression.
b Percent of embryos (with ectopic protein expression in the hindbrain) exhibiting
loss of krox20 expression in r3.
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Figure 1. Nlz, Nlz2 and Sp 1 proteins share conserved domains. Domains of the zebrafish
Nlz (AA73547) and Nlz2 (AY371081) proteins and the human Spi (AA67726)
protein are shown schematically. The proteins are shown in white except for the internal
start site (I, black), Sp motif (Sp, grey), serine/theonine-rich regions (S/T
, blue),
glutamine-rich region (Q, yellow), Buttonhead box (Btd
, green), Cz zinc-fmger (ZF
red), repressor interaction domain (RID
, diagonal-hatched box) and a potential nuclear
localization signal sequence (N, dot-shaded box). Numbers indicate amino acid position.
Abbreviations: Dr Danio rerio; Homo sapiens.
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Figure 2. nlz2 is dynamically expressed during zebrafish development. Embryos were
processed for in situ hybridization for nlz2 (detected in blue; A-L), nlz (detected in red;
, D , F- J), krox20 (detected in red; K, L) andpax2. (detected in red; K, L). Embryos
were whole-mounted in A-E and flat-mounted in F-L and are shown in dorsal views with
anterior to the top at 20X magnification. Markers are shown at bottom left-hand comer
and embryonic stage is shown at the bottom right-hand comer. Abbreviations: fb
forebrain; mhb, midbrain-hindbrain boundary; r, rhombomere; hpf, hours post-
fertilization.
!;j:
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Figure 3. Misexpression of nlz2 disrupts r3 gene expression. Embryos were injected with
50 pg ofhsp70myc:GFP (A, B), hsp70myc:nlz (C) or hsp70myc:nlz2 (D) DNA, heat-
shocked at 70% epiboly for one hour at 37 C and fixed at the 10-somite stage (14 hpf).
Embryos were processed by in situ hybridization for krox20 (detected in red, B-D), nlz
(detected in blue , C) and nlz2 (detected in blue , D) expression or immunostained with
anti-c-myc (A) to detect ectopic protein. Immunostaining confirmed wide distribution of
induced protein (A). Ectopic nlz (C) and nlz2 (D) mRA is detected in injected embryos
(low endogenous levels were undetectable). Markers or signals visualized are shown at
bottom left-hand comer, and injected DNA is shown at the bottom right-hand comer.
Arows indicate loss of r3 gene expression.
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Figure 3
Figure 4. Strctue-fuction analysis reveals domains essential for Nlz fuction. Nlz
deletion constrcts were generated as described in experimental procedures. Thick black
lines indicate Nlz protein and thin lines indicate deleted amino acid regions. Refer to
Figue I for abbreviations used in the Nlz protein diagram. Columns at right indicate
repressor activity (the percent of embryos exhibiting loss ofr3 gene expression),
dominant negative activity (the percent of embryos exhibiting an expansion ofr5-specific
gene expression into r4), cellular localization (priarly nuclear (N) or cytoplasmic (C)),
self-association and HDAC binding. The number of injected embryos examined for the in
situ analysis (colums 1 & 2) was ::170 to .:1275 for each constrct (and ::50 for the
localization studies in colum 3). The repressor and dominant negative activities for the
Nlz, NlzA385-460 and NlzA408-460 constrcts were reported previously (I).
Abbreviations: +, strong association; +/- , insubstantial interaction; -, very weak binding;
, not determined. Asterisk denotes NLS , nuclear localization signal sequence fused to
the N-terminus ofNlzA92C and NlzA173C.
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Figure 5. Nlz and Nlz2 are nuclear proteins whose localization are dependent on their
respective C-termini. Embryos were inected with 800 pg 
ofmycnlz (A), mycnlz1173C
(B), mycnlz2 (C), or mycnlz2.1180C (D) mRA, fixed at 5 hpf, immunostained with anti-
Myc, flat-mounted and shown in anmal pole views at 40X magnification. (A
, C) Nlz
and Nlz210calize to the nucleus. (B, D) Nlz I73C and Nlz2 180C localize primarly to
the cytoplasm. Injected DNA is shown at the bottom right-hand comer.
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". 
Figure 6. nlz is co-expressed with groucho and associates with class I histone
deacetylases. (A, B) nlz is co-expressed with groucho in the rostral hindbrain. Embryos
were processed for double in situ hybridization with groucho (detected in blue; A, B)
together with nlz (detected in red; A) or krox20 and pax2. (both detected in red, B).
Embryos were flat-mounted and are shown in dorsal views with anterior to the top at 20X
magnfication. Markers are shown at the bottom left-hand comer, and embryonic stage is
shown at the right-hand comer. Abbreviations: fb , forebrain; mb, midbrain; mhb
midbrain-hindbrain boundar; r, rhombomere; hpf, hours post-fertilization. (C) Nlz
associates with class I histone deacetylases. Purfied GST-HDAC2 fusion or GST were
immobilized on glutathione-sepharose beads and incubated with labeled Nlz or Nlz
deletion constrcts. Afer washing of the beads , bound proteins were separated by SDS-
PAGE and visualized by autoradiography. Nlz interacts strongly with the GST-HDAC2
fusion protein, whereas Nlz I73C, Nlz 385-460 and Nlz 408-460 exhibit weak binding.
GST alone does not signficantly bind to the Nlz deletion constrcts. Aliqouts containig
10% ofthe total amount of 1abeled protein used in the assay are shown (10% load).
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Figure 7. Nlz self-associates and binds to Nlz2. (A) Nlz self-association requires an
intact C-terminus. Purified GST-Nlz fusion or GST were immobilized on glutathione-
sepharose beads and incubated with 1abeled Nlz or Nlz deletion constrcts. Afte
washing of the beads , bound proteins were separated by SDS-PAGE and visualized by
autoradiography. Nlz interacts strongly with the GST-Nlz fusion protein, whereas
Nlz 238-384, Nlz 385-460 , Nlz 408-460 , Nlz 92C and Nlz 173C exhibit weak
binding. GST alone does not significantly bind to the Nlz deletion constrcts. Aliqouts
containing 10% of the total amount of labeled protein used in the assay are shown
(10% load). (B) Nlz2 interacts with Nlz. Nlz2 interacts strongly with the GST-Nlz fusion
protein and does not significantly bind to GST alone.
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Figure 8. Nlz exists in two forms that are generated by the use of two translation start
sites. (A) Two forms ofNlz are detected in vivo and in vitro. Lysate of three uninjected
embryos (lane I), I ul of in vitro translated Nlz (lane 2) and I ul of a mock in vitro
translation reaction (lane 3) were resolved on a 10% polyacrylamide gel by SDS-PAGE
Western-blotted, probed with anti-Nlz antiserum and detected using chemiluminescence.
(B) The short form ofNlz is generated from a downstream initiation site at position 61 of
Nlz. 5 ul of labeled in vitro translated Nlz (lane I), Nl ep'GlyPro (lane 2), Kozak:Nlz
(lane 3), Myc:Nlz (lane 4) and Myc:Nlzi\60N (lane 5) were separated by SDS-P AGE and
visualized by autoradiography.
177
in vitro
175.
83-
,..
Wf-
"'''
62-
17- 
83 -
-..
62 -
... .,-, 
47. 47.5 -
32. 32.
178
Figure 8
'f"
CONCLUSION
The zebrafish hidbrain arses from seven segments
, termed rhombomeres, which
form with the neuroectoderm. Rhombomeric identity is characterized by the
stereotyical arrangement of reticulospinal neurons and cranal nerves that underlie the
formation of these specialized comparents. Patterng of the rhombomeres is a highly
regulated process that involves the establishment of distinct domains
, the conferment of
specific identities upon each segment and the formation of boundaes between individual
rhombomeres. In Chapter I, I have discussed the role of a candidate hindbrain patterng
gene nlz in the reguation of segmental gene expression in the rostral hindbrain and
suggest that it fuctions as a transcriptional repressor. In Chapter II
, I have discussed that
another nlz-related gene nlz2 is also expressed in the hidbrain and has similar fuctions
as nlz. I have also identified conserved domains shared among the 
Nl-related genes and
members of Sp I famly that gave insight to which regions ofNlz are importnt for
activity and how it may fuction in transcription. In sumar, the work completed in this
thesis identifies nlz as a hidbrain patterng gene involved in the regulation of gene
expression in the rostral hidbrain and proper formation of rhombomere boundares.
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Approaches for determining the role of Nl in development
In this thesis, I have employed the use of several techniques to explore the
fuction ofNlz. Gain of fuction analysis (' forward' approach) was performed by the
microinjection ofmRA into zebrafish embryos. Ths approach is well-suited to exame
the effects of an ectopically expressed gene since the 
mRA is synthesized in vitro and is
translated by the host embryo after injection. The zebrafish 
organsm offers signficant
advantages as a model system due to the accessibilty 
of a large collection of embryos
from the pairg of an adult male and female, the relative swift time course of
embryological development that allows a brief tie for development of the hindbrain to
occur and the translucency of the embryo that allows for straightforward 
phenotyical
analysis. Misexpression of 
nlz in the developing embryo was found to disrupt rostral
hindbrain gene expression
, more specifically, the loss of gene expression in r2/r3
concomitant with an expansion ofr4 gene expression into r3 (Chapter I). Conversely, loss
of fuction analysis ('reverse
' approach), though the inbition of gene fuction, was
performed by utilizing dominant negative 
constrcts. Nlz constrcts without the
corepressor (Groucho and the class I histone deacetylases) interaction domain were found
to disrupt endogenous Nlz fuction and interfere with the abilty of Nlz to behave as a
repressor. In paricular
, embryos injected with the domiant negative exhbited an
expansion ofr5-specific gene expression into r4 (Chapter I). Taken together
, both the
ectopic expression and inhbition of gene fuction provided conclusive results to indicate
that Nlz mediates the proper segmental gene expression and segregation of the r4 domain.
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Loss of junction analysis reveals a potential new role for Nlz
Another approach employed to down-regulate the expression of a paricular gene
is the injection of antisense oligonucleotides. These oligos were designed as a small
fragment of DNA (20-25 bases) that specifically form DNA-RNA hybrids with the
targeted mRA and recruits RNase H to cleave and subsequently degrade the taget
mRA (Cazenave et aI. , 1989). However, the oligos were found to generate non-specific
toxic side effects (Stein, 1999), limting the applicabilty of ths approach. Recently, a
new antisense strategy has been employed that utilizes '
morpholino ' oligonucleotides
(MO) (Sumerton, 1999; Sumerton and Weller, 1997). These oligos, synthesized from
DNA analogs, are chemically modified to enable resistance to nucleases
, thus increasing
biological stability. MOs are designed to target and bind a small area (18 to 25 bases)
between the 5' cap of an mRA and its start codon, thus inhibiting translation by
preventing the initiation complex from assembling into a full ribosome at the start site
and intiate translation of the mRA. MO injections have been shown to miic the
phenotyes of known mutats (Lele 
et aI. , 2001; Nasevicius and Ekker
, 2000), proving
the penetrance of MOs for an effcient loss of fuction analysis.
In addition to the injection of dominant negative constrcts
, another viable option
for the loss ofNlz fuction approach is the employment ofNlz MO injections. One- to
two-cell stage zebrafish embryos were injected with one of two MOs targeted to the Nlz
sta site (MO 1 , oligo designed to taget the -10 to + 14 bases of the NIz star site with the
A of the AUG codon defined as position +1; M02
, oligo designed to target the +1 to +25
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bases of the NIz sta site). These MO-injected embryos were then fIXed at the lO-somite
stage (14 hpf) in order to assay for defects in the embryo by in situ analysis. Even though
high doses (injected with 3 ng MO 1 or M02) proved lethal and a signficant percentage
of embryos injected with intermediate doses (1.5 to 2.25 ng MO 1 or M02) did not
surive ()-50 %), the remaing suriving embryos displayed gastrlation defects (stalling
or abnonnal migration of cells involuting to form the germ 
rig, converging to form the
embryonic shield or extending to form the priar embryonic axs), in addition to an
arest of development durg late gastrla stages (7 to 10 hpf) (not shown). Due to the
severity of the Nlz MO phenotye
, analysis of potential hindbrain effects was not
feasible. Embryos injected with a control MO at the same concentration(s) did not exhibit
any simlar phenotyes, suggesting that the gastrlation defects displayed by Nlz MOs
are specific and that Nlz may be required for a role in early development. The processes
that are expected to be constrained would occur when 
nlz is first expressed. Indeed
, the
expression of nlz is detected surounding the blastoderm margin at early 
gastrla stages
(5-6 hpf) (Sagerstrom et aI.
, 2001) and Nlz MOs effect embryos at gastrla stages. This
suggests that nlz may be required for the morphogenetic movements of involution
convergence and extension that occur durg gastrlation and are responsible for defIning
the priar embryonic axis. Additionally, the interference 
ofnlz fuction though the
injection of domiant negative constrcts yielded embryos with 
gastrlaton defects
(lateral widening of hindbrain gene expression domains and misshaped or shortened
notochords) and cell sorting defects at rhombomere boundares (expansion 
of r5-specific
gene expression into r4) (Chapter I). Thus
, loss of fuction analyses through the injection
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of dominant negative constrcts or MOs indicates that nlz may govern processes that
occur durg gastrlation.
The effectiveness of nlz inbition by injected MO was tested by detectig the
amount ofNlz protein present in Nlz MO-injected embryos. Lysates of the Nlz MO-
injected embryos were resolved by SDS-PAGE, Western-blotted, probed with anti-Nlz
antiseru and the proteins were detected using chemilumescence (Fig. lA). None of
the Nlz MO-injected embryos exhibited a loss ofNlz protein (neither full-
lengt Nlz or
short-form protein levels were signficantly reduced) (Fig. lA
, lanes 2-4), suggesting that
the Nlz MOs may not specifically taget 
nlz and inbit mRA translation at a detectable
level. Furermore, quatification of the Nlz protein levels for inibition of fuction may
not be discernable in a developing embryo. Translation overall may be only partially
inbited by the MOs, but still effective for preventing the precise amount of 
nlz mRA
that is needed to be translated for fuction durg gastrla stages. It remains plausible that
the inbition of nlz mRA translation in the MO-injected embryo is sufficient to induce
a localized effect, such as defects in gastrlation processes, but remain undetectable when
quantifying the complete amount ofNl protein synthesized. Indeed
, in vitro synthesized
Nlz protein is inhibited by NIz MOs at high concentrations (8. M) (Fig. IB , lanes
7), albeit at high doses that may be too toxic for an embryo
, indicating that the Nlz
MOs has the capacity to block translation of 
nlz transcripts in an in vitro assay.
Interestingly, while hox MO-inected embryos display increasing frequencies and
severities of defects from the 0.8 to 4 ng MO range
, in vitro translation of hox mRA 
inhbited by the MO 
concentration of 40 M (Hunter and Price, 2002). This
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demonstrates that the effectiveness of MOs is dependent on concentration and context of
experiental envionment conditions (embryo vs. in vitro). Neverteless
, Nlz MO-
targeted gene 'knockdown ' may be only partially effective in determnig early fuctions
of nlz in the developing embryo. Utilzation ofNlz MOs does not elimate the
possibility that other factors may compensate for the inbition of nlz fuction. One
possibilty is the short form ofNlz
, which is present at the same time as full-lengt Nlz in
the developing embryo and is found to possess both repressor (nlz-mediated) and
interferig (inbition 
ofnlz fuction) activities (Chapter II). Another factor is nlz2
which is expressed in the caudal hidbrain and is found to fuction similarly to nlz when
overexpressed (Chapter II). Ths indicates that the fuction ofNlz-related genes may only
be elucidated with the inibition of mRA translation for all nlz-related genes in the
developing embryo, which may be technically challenging to the constraints of toxicity
associated with increasing MO-concentrations. Retrospectively, loss 
ofNlz fuction
analyses with MO and domiant negative injections, and the loss of fuction phenotyes
of the Nlz-related proteins NocA (Cheah et aI.
, 1994; Dorfan et aI. , 2002), Elbow
(Dorfan et aI. , 2002), TLP- l (Zhao et aI. , 2002) and the vertebrate Spl-factors
(sumarzed in Chapter II), all suggest that NIz-related proteins play prominent roles for
early embryonic development.
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Mechanism of NI function
The elucidation of nlz fuction was determed by employing misexpression
analyses of ful- lengt nlz (gain of fuction) and domiant negative constrcts (loss of
fuction) in Chapter I 
and utilizig a deletion panel of 
nlz constrcts in Chapter II to
uncover importt domains necessar for Nlz-mediated repression. However, it is not
known how nlz exactly fuctions in the developing embryo. In this section
, I wil discuss
that the biological activities associated with Nlz-related proteins
, such as transcriptional
repression, nuclear localiation and corepressor bindig, involves specific protein-protein
interactions.
The C zinc-fnger mediates transcriptional activity
It is likely that Nlz-related proteins are involved in transcriptional repression
however it is not known how Nlz mediates ths activity. Nlz may 
fuction in binding 
target DNA sites, through its C zinc-fmger, to exert repression or recrut other factors
that fuction as corepressors to govern transcriptional repression. In Chapter I
, I have
discussed the possibilty that the association of two Nlz-related proteins may provide the
miimum number of zinc fmgers necessar for DNA binding. In Chapter II, I have
discussed that the presence of this C2H zinc-fmger is importnt for Nlz-mediated
repression, however Nlz self-association was found not to be required for Nlz-mediated
transcriptional repression. With the fmding that the Nlz zinc-fmger lacks essential
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residues importt for DNA binding, suggests that Nl-related proteins are unable to bind
to DNA through its zinc-fmger domain and may instead utilize other regions for DNA
association. One method of determg ifNlz-related proteins are capable of recognizing
DNA is to employ a ' selective amplification and bindig
' assay (Blackwell and
Weintraub, 1990). This method utilizes labeled double-stranded oligonucleotides
containig random nucleotides flanked by known prier sequences (with restrction sites
to allow clonig of desirable individual templates) incubated with the Nlz protein. The
bound templates are isolated by EMSA (electrophoretic 
mobilty shift assay), amplified
by PCR (polymerase chain reaction), subjected to multiple rounds of re-selection and re-
amplification to increase strngency of specific binding and then cloned and sequenced.
To confIr that the isolated DNA template is indeed a binding site for the Nlz protein
, a
reporter plasmid could be constrcted (with the luciferase gene under the control of the
actin promoter and the potential Nlz DNA binding region) and co-injected with mRA
encoding nlz into zebrafish embryos. Luciferase levels would then be quantified in the
presence or absence of 
nlz mRA to determe ifNlz binds DNA and mediates
repression of luciferase activity. Ths method would identify potential DNA binding
motifs withi Nlz and the generation ofNlz deletion constrcts could be utilzed to
determine if these DNA binding motifs are essential for Nlz-mediated transcriptional
repressIon.
Though Nlz-related proteins likely do not bind DNA
, they may instead utilize
different domains to mediate interactions with other proteins in order to elicit
transcriptional activity. One candidate region is the putative CzH
zinc-fmger (as
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discussed in Chapter II) and transcription factors with a single zinc-
finger have been
reported to be suitable to interact with another protein and permt transcriptional activity
(Meria and Orki, 1995; Yang and Evans
, 1992). To this end, a yeast two-hybrid system
analysis (employing a zebrafish librar) could be utilzed 
to identify proteins that interact
with the N1 C H2 zic- fmger and mediate trscriptional 
repression.
Corepressor binding govern Mz-mediated repression
Nlz-related proteins may exert transcriptional repression by vire of their
association with known corepressors that include Groucho (Chapter I) and histone
deacetylases (Chapter II). The assembly of a multi-protein complex that synergizes to
repress transcription of specific genes involves interactions between repressors
corepressors and numerous basal machiery components. Since Nlz-related proteins may
not bind DNA directly, other interactig proteins (as yet unidentified) may fuction in
directig Nlz to the target DNA site. In Chapters I and II
, I have demonstrated that Nlz
proteins interact with both Groucho and HDACs. However
, while some HDACs are
ubiquitously expressed
, Groucho is only expressed in the rostral hindbrain
, suggesting
that other groucho-related genes that may paricipate in recruiting HDAC activity are
present in other regions of the embryo. While the recruitment 
ofHDACs to modulate
chromatin strctue involves Groucho interaction to mediate repression
, other factors
may also participate to work directly upon the general transcriptional 
machiery (Chen
and Courey, 2000; Courey and Jia
, 200 I). This includes corepressors that fuction to
prevent activators from binding to a given promoter
, thus resulting in repression of
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transcriptional activity (Criqui-Filpe et aI., 1999; Zhang et aI., 2001). Thus, it remains
plausible that Nlz may govern repression by either associating with Groucho to recruit
HDACs and create a repressed chromati state or by displacing and preventing activators
from parcipating in formg a cooperative assembly of proteins that fuction as a
transcriptional complex. Nonetheless
, this suggests that Nlz may interact with numerous
proteins involved in interferig with the general transcriptional machinery and the proper
strctue of chromatin in order to facilitate repression of transcription.
Specifc protein interactions may be necessary for Nlz nuclear localization and activity
via the Sp motif
In Chapter II, I have discussed that Nlz deletion constrcts that do not reside in
the nucleus (C-termal deletions encompassing amino acids # 498 to 566) exhibit a
reduced number of affected embryos exhibiting repressor activity when misexpressed.
Since sequence analysis indicates that N1 does not contain a nuclear localization signal
sequence (NS), this suggests that an accessory protein may bind to and shuttle Nlz to
the nucleus. In order to identify proteins that potentially interact with the Nlz region
importnt for nuclear localization, a yeast two-hybrid system could be employed.
Embryos injected with a constrct without the Sp motif exhbited a reduction in
the repressor phenotye, suggesting that the Sp motif in Nlz-related proteins may regulate
transcriptional activity though the interaction with other cofactors (excluding Groucho or
HDAC) (Chapter II). It has been reported that the nuclear protein p74 binds to the 
Spl
protein via the N-terminus (which encompasses the Sp motif) and this interaction
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correlates with a substantial reduction of transcriptional activity in vivo (Murata et aI.
1994). The Sp motif may also fuction as a dockig region for factors responsible for
tagetig Nlz to the template since Nlz does not appear to possess a DNA bindig
domain. To this end, a yeast two-hybrid system could be utilized to identify proteins that
interact with the Sp motif. These isolated factors could then be 
characteried to determe
if they do indeed fuction as DNA bindig proteins that direct Nlz to the target template
and repress transcription.
Restriction of nlz gene expression in the rostral hindbrain
controls segmental identity
The establishment of individual segmental identities within the hidbrain involves
tightly coupled processes that include the initiation of genes expressed in the presumptive
hindbrain and their subsequent regulation. In the introduction of this thesis
, I have
discussed the known mechanisms that are involved in these processes. In this section
, I
wil mention how nlz is involved in the specification and regulation of rhombomere
identity in the rostral hidbrain.
Mutual exclusion of specifc gene expression governs rostral hindbrain gene expression
The expression of 
nlz is dynamc withi the prospective hindbrain durng
embryonic development. In Chapter I
, I have shown that durg late gastrla stages nlz 
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expressed from the caudal (posterior) end of the embryo to the rhombomere (r) 3/r4
boundar in the hidbrain. By segmentation stages nlz expression begins to expand
rostrally (anteriorly) into r3 (between 10.5 to II hpf) and r2 (by 16 hpf) and persist in
these regions even at later stages (20 hpf). The ectopic expression of 
nlz results in a
distict disruption of genes expressed in the rostral hidbrain (Chapter I). Examations
of nlz- injected embryos at late gastrla stages indicate that genes expressed in the rI-r3
domains of the hindbrain are no longer present. Additionally, analysis 
ofnlz-injected
embryos at segmentation stages reveal that there is a disruption of genes expressed in r2
and r3 , with r4-gene expression appearng to expand anteriorly into d. Ths indicates that
the ectopic presence ofnlz in the rostral hidbrain at early stages (late gastrla) appears
to be mutually exclusive with the intiation of gene expression within r2 and r3.
Similarly, this regulation of intial rhombomere identity due to the mutual exclusion of
genes expressed in paricular domains has been previously documented (Barow et aI.
2000). The expression of krox20 within r5 is only apparent after the retreat of 
hoxal and
hoxbl expression from ths region (Barow et aI. , 2000) and hoxal/hoxbl double mutants
exhibit krox20 expression in r4 and r5 due to the absence of 
hoxal and hoxbl expression
in these rhombomeres (Rossel and Capecchi
, 1999). These results suggest that r5 possess
the intrsic ability to express krox20 however initiation of krox20 expression in r5 is
only apparent with the absence of hoxal and hoxbl signals (Barow et aI. , 2000).
Likewise, the initiation of gene expression in r2 and r3 may be exclusive with the
prematue presence of 
nlz durng gastrla stages. This suggests that normally durng
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gastrla stages, nlz is only expressed at an anterior limt to the r3/r4 boundar, perhaps
allowing for the initiation of genes expressed in r2 and r3.
The mechanism that regulates the 
restrctive expression limts of 
nlz is unown.
However, it is possible that hox genes from paralogue group I (hoxal and hoxbl) may
mediate ths restrctive expression
, since similarly to nlz the anterior limts of expression
for both hoxbl and hoxal coincide at the r3/r4 presumptive bounda durng late gastrla
stages (Price et aI., 1998). Additionally, the ectopic expression of the 
hox paralogue
group 1 genes results in a transfonnation of the r2 region to a r4 state (Alexandre et aI.,
1996; Bell et aI., 1999; McClintock et aI., 2001; Zhang et aI., 1994). As discussed in
Chapter I, gene expression withi r4 is also disrupted 
- nlz-injected embryos appear to
have a parial expansion of r4-gene expression into the region where r3 gene expression
was lost. However
, this was only apparent at late segmentation stages. Analysis of 
nlz-
injected embryos at gastrla stages (10. 11 hpt) indicate that only r3 gene expression is
affected, suggestig that maintenance of nlz expression at caudal regions of the embryo
does not prominently depend on activities of 
hox genes from paralogue group 1.
Nonetheless nlz appears to fuction durg gastrla stages to restrct the expression of
non-r4 (r2 and r3) genes in the caudal hindbrain.
After intiation of r2 and r3 gene 
expression, nlz expression expands anteriorly
f:-
into these rostral regions, perhaps fuctioning in the down-regulation ofr2- and r3-gene
:,-:,
expression proliferation. An analogous mechanism occurs with the expression of krox20
in r3 and r5, which is mediated by the corepressors NAB 1 and NAB2 in a negative
feedback loop (Mechta-Grigoriou et aI.
, 2000). The ectopic expression 
ofnabl or nab2
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results in reduced and ireguarly shaped r3 and r5 domains, with expanded r4 expression
domains (Mechta Grgoriou et aI., 2000). Ths phenotye is simlar to the misexpression
of nlz indicating that nlz may paricipate in a negative feedback regulatory loop to
control gene expression with the r2 and r3 domains. Ths regulation may ensure that
non-r4 (r2 and r3) genes are not expressed in the r4 domain and the rostral hindbrain is
properly segmented durng initiation of gene expression. Thus, the mutual exclusion that
exists between nlz and genes expressed in the presumptive rostral hindbrain durg late
gastrla stages, and the regulatory cascade that is present between 
nlz and genes
expressed in r2 and r3 durg segmentation, suggest that 
nlz controls the initial
regionalization of the rostral hidbrain and maintenance ofrhombomere identity.
Model of nlz function
Insights into nlz fuction and its mechanism of action was elucidated by the
detailed analysis of nlz expression durg early neural development
, gai of function
studies, misexpression of dominant negative 
nlz constrcts, misexpression of the short
form of nlz and corepressor bindig assays (Chapters I and II). The results obtained from
these experiments suggest that 
nlz paricipates in the mediation of transcriptional
repression and ths is governed by interactions with 
corepressors. The data that are
presented and discussed in this thesis suggests that 
nlz is required for the proper
formation ofr4 by repressing non-r4 (r2 and r3) gene expression 
durig morphogenesis
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of the segmental hidbrain and ths is ilustrated in the model of 
nlz fuction (Figs. 2 and
3).
In a gastrla-staged embryo
nlz is expressed with an anterior limt at the r3/r4
bounda in the presumptive hidbrain. Since it is not known ifNlz is capable of binding
DNA and Nlz does not poss s any domains that resemble DNA binding motifs
, the model
proposes that Niz binds to DNA via association with a DNA binding protein (DBP).
Once Nlz is tageted to the template (diectly or indirectly), it then recruits the
corepressors Groucho and HDACs to mediate transcriptional repression. Thus, Nlz
fuctions to repress the expression ofr2 and r3 (non-r4) genes in the 
presumptive r4
domain (Fig. 2A). Throughout the segmentation period, r2 and r3 gene expression is
intiated and maintaed in their respective presumptive rhombomeres by specific
intiation factors (Fig. 2A B). Durng later segmentation stages
nlz expression expands
anteriorly to the r2 and r3 regions
, perhaps fuctionig in the regulation of r2 and r3
genes in their paricular domains though a negative feedback loop (Fig. 2B). It is
plausible that this may occur though the association with different cofactors (DBP or
corepressors) in r2 and r3. The repression ofr2- and r3-
gene expression in r4 may also be
fortified by the presence of 
hox genes from paralogue group I (due to mutul exclusion,
see above section).
The misexpression of 
nlz in developing embryos results in the ectopic expression
of nlz in the rostral hindbrain
, where nlz is not yet normally present, such as in r2 and r3
(Fig. 3A). Withn ths region
, ectopic nlz may fuction in employing the same repressor
complex components in r4 (DBP and the corepressors Groucho and HDAC) to repress
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genes expressed in r2 and r3
, resulting in an anterior expansion of r4 gene expression
(Fig. 3A). The misexpression of dominant negative 
nlz constrcts (dnlz) generates a
phenotye associated with the interference of Nlz-mediated repression. Since 
dnlz
cannot recrut corepressors
, this may alleviate Nlz-mediated gene repression in r4 by the
derepression of genes (non-r4) normally 
tageted by nlz in the rostral hidbrain (Fig. 3B).
Alternatively, dnlz could interact with a specific DBP in order to activate genes (r2
, r3
or r5) normally repressed by Nlz in r4 (Fig. 3C).
In some instances
, misexpression of the short form 
ofnlz (nlzA60N) generates the
repressor phenotye. This 
may occur though the association of 
nlzA60N with
components of the 
nlz repressor complex (simlar to Fig. 3A), or through interactions
with other (yet unidentified) specific corepressors and DBPs. In other instaces
nlz.t60N
generates the phenotye associated with the interference ofNlz-mediated repression. This
may occur though the interaction of 
nlz.t60N with endogenous nlz thus preventing nlz
from associating with components of the transcription repressor complex
, resulting in the
de-repression of nlz- targeted genes. Alternatively, 
nlzA60N may instead bind to DBPs in
order to activate non-r4 (r2
, r3 or r5) genes in r4 (simlar to Fig. 3C). In all
, ths model
demonstrates that 
nlz mediates repressor activity though the association with
corepressors in a dynamic fashion durg development in order to properly segment the
;s.
rostral hidbrain.
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Additional roles of 
nlz in development
The dynamc expression of 
nlz durg the intiation and specification of
rhombomeric identity at late gastrla to segmentation stages 
indicates that nlz fuctions
to regionalize the zebrafish hidbrain. The model of nlz fuction proposes that nlz
mediates transcriptional repression through interaction with corepressors (Groucho and
histone deacetylases) in order to repress non-r4 (r2 and 
d) gene expression in r4 and
properly segment the rostral hidbrain. In addition to morphogenesis of the hindbrain
, the
pattern and period of 
nlz expression suggests that ths candidate segmentation gene may
have additional fuctional roles in early development and the subsequent growth of
embryonic strctues.
Functions of nlz during gastrlation
The expression of 
nlz is fIrst detected as a rig near the blastoderm margin with a
gap in the dorsal midline of early gastra stage zebrafish embryos (Sagerstrom et aI.
2001). By mid-gastrla stages nlz expression in the dorsal midline increases and by late
gastrla stages nlz is expressed in a broad posterior domain (Sagerstrom et aI.
, 2001).
The expression of nlz durng the initial gastrlation 
stages suggests that 
nlz may
partcipate in early fuctions associated with this period. At the onset of gastrulation
, the
initiation and specification of paricular embryonic fates tae place and the
morphogenetic movements of involution
, convergence and extension arranges the three
distinctive germ layers (ectoderm
, mesoderm and endoderm) in an orderly manner
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defIning the priar embryonic axis. Nlz may fuction in regulating the cellular
movements associated with epiboly, when cells of the blastodisc begi to thi and spread
out over the yolk sac, thus contrbuting to the proper establishment of the rudient
embryonic body plan.
Whle the gain of fuction approach (through misexpression analysis) revealed a
role for nlz in segmentation of the hidbrain
, the loss of fuction approach (through the
expression of domiant negative nlz constrcts or anti-sense nlz morpholino oligos)
indicated that nlz might govern processes that occur durng gastrlation (not shown and
Chapter I). Interference of 
nlz fuction resulted in embryos displaying a general
disorganiation of embryonic strctues which included the lateral widenig and
broadenig of midbrain and hindbrain regions, twsted and shortened notochords
, and the
absence of cell sorting at rhombomere boundares. These results are consistent with
defects in cell migration events that occur durg gastrlation such as the involution 
ingression of cells durg the formation of the germ rig, the convergence of cells to the
dorsal midline and the extension of cells along the anterior-posterior axis of the embryo.
Thus, the expression of nlz durg the early stages of gastrlation and the morphological
defects associated with intererence 
of nlz fuction suggests that nlz may regulate the
cellular movements that occur durng gastrlation and is required for proper
establishment of the embryonic body plan.
The effects that nlz may mediate upon gastrlation processes may be direct or
indirect. It remains plausible that other 
nlz-related genes may be expressed and
parcipates with nlz in governg the cellular movements associated with epiboly.
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Indeed, similar to nlz, nlz2 is expressed near the blastoderm margin with a gap in the
dorsal midline durg early gastrla stages and in a broad caudal domain by late gastrla
stages (Chapter II). Ths expression pattern suggests that 
nlz2 may fuction with nlz 
jointly control the morphogenetic movements that occur durg gastrlation. Evidence
that nlz2 may exhbit simlar activities 
as nlz are apparent in several fuctional domains
that are conserved among both genes and the demonstration that misexpression of 
nlz2
similar to nlz represses gene expression in the rostral hindbrain at segmentation stages
(Chapter II). It is likely that 
nlz2 may also perform simlar 
fuctions as nlz durg early
gastrla stages.
nlz junctions as an upstream regulator of segment identity genes
In adjunction to governg processes that occur durg gastration
nlz fuctions
as a transcriptional repressor and mediates segmentation in the rostral 
hidbrain (Chapter
I). The presence of 
nlz expression prior to the intiation of genes that are involved in the
regionalization of the hindbrain and the specification of rhombomere identity suggests
that nlz may be involved in their regulation. Signaling molecules such as FGF3 (Kiefer et
aI. , 1996) and FGF8 (Reifers et aI.
, 1998) and transcription factors such as pou2
(Hauptmann and Gerster
, 1995) and vhnfl (Sun and Hopkis, 2001) are expressed at
early gastrla stages, indicating that they may not only paricipate 
with nlz in controlling
the convergence movements that occur durig gastrlation, but may also fuction
upstream of and regulate 
nlz in order to properly form individual rhombomeres. The latter
remains an unlikely scenaro since analyses of 
acerebellar (ace) mutats, which are
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defective in FGF8 (Furhauer et aI.
, 1997; Reifers et aI.
, 1998), and spiel-ohne-grenzen
(spg) mutats, which have defects in the pou2gene (Beltig et aI.
, 2001), stil exhibit nlz
expression (not shown). This indicates that 
nlz fuctions independently from these early
gastrla-stage expressed factors
, however analysis of mutants defective in 
vhnf or FGF3
signaling remains to be elucidated.
Transcription factors such as 
krox20 (Oxtoby and Jowett
, 1993), valentino
(Moens et aI.
, 1998) and the hox genes (Prince et aI. , 1998) are not expressed until late
gastrla stages
, indicating that nlz may fuction upstream and diectly regulate the
expression of these factors that are involved in hidbrain specification. Indeed
misexpression of 
nlz results in a loss of krox20 and hoxa2 expression in the rostral
hindbrain (r2 and r3 regions) and an anterior expansion of 
hoxbla expression from the r4
domain (Chapter I). Patterng of the hindbrain is initiated and established by the
temporal expression of segmentation genes. These genes also 
fuction to regulate the
expression of downstream genes that specify rhombomere identity. This includes 
krox20
which fuctions to regulate its own expression though the expression of its own
antagonists (nab) and nab2) and regulates the expression of 
hox genes and eph signaling
molecules (as discussed in the Introduction). In addition
hox genes regulate each other
and synergize with other genes to control rhombomere identity (as discussed in the
Introduction). It is likely that in the regulatory cascade that controls segmental gene
expression in the hidbrain
nlz tions upstream of krox20 the hox genes and eph-
ephrin signaling molecules in order to ensure that rostral genes (r2 and r3) are not
expressed durg the intiation of gene expression withi the r4 domain and that
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regionalization of segmental comparents (via cell sorting at rhombomere boundares)
are maintained.
Functional analyses of 
nlz that are discussed in 
ths thesis suggest that nlz
fuctions as a hidbrain-patterng gene. These genes are classified into those that are
involved in the establishment of a segmental pattern (segmentation genes) and those of
which are involved in the differentiation of individual segments (segment identity genes).
Whle the loss of fuction of segmentation genes results in a parial or entire loss of
hidbrain segments, loss of fuction of segment identity genes retains the segments but
exhbit altered segmental identities. Additionally, gain of fuction of segment identity
genes results in a transformation of segmental identity. Using 
ths criteria nlz may
fuction as a segment identity gene since misexpression of 
nlz leads to a disruption of
gene expression in the rostral hidbrain in which r2 and r3 gene expression is lost and rl
and r4 gene expression appear to extend into the region normally occupied by the r2- and
r3-specific gene expression domains. However
, both the loss and gain of 
fuction of nlz
experients demonstrate that a complete transformation of segmental identity does not
take place - neuronal differentiation in the rostral hindbrain (branchiomotor and
reticulospinal neurons) is only mildly affected (Chapter I). This demonstrates that 
nlz
does not fuction as a segment identity gene and instead may behave priarly as 
segmentation gene. This is supported by the findings that segmentation genes are
expressed prior to and regulate the expression of segment identity genes (as discussed in
the Introduction) and that the misexpression of a segmentation gene could inconceivably
transform the identity of segments indirectly by 
alterig the expression of segment
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identity genes. nlz is indeed expressed at early gastrla stages, prior to the expression of
segment identity genes such as 
krox20 and the hox genes, and could fuction as an
upstream regulator. Thus
, it is likely that nlz fuctions in the reguatory cascade that
controls the intial regionalization of the rostral hidbrain as a segmentation gene in order
to properly control and maintain rhombomere identity.
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APPENDIX
As discussed in the introduction of ths thesis, a subtractive hybridization-based
screen isolated novel genes restrctedly expressed posteriorly in mid-gastra zebrafish
embryos. Through sequence and phylogenetic analyses of the isolated full-length clone
(N13), I have determed that this gene is closely related to human and mouse LM04, 
member of the nuclear LMO subfamly of LIM domain proteins. The sequence data that I
have generated was incorporated into figue 1 of the following publication in this
appendix. To determe the spatial and temporal distrbution 
of Imo4 mRA, I processed
zebrafish embryos from blastula to segmentation stages for in situ 
hybridiation with an
lm04 probe. At shield stage (6 hpt), lmo4 is expressed in a broad ring in the blastoderm
margin, just above the germ ring. By 75 % epiboly (8 hpt), 
lm04 is expressed in a broad
dorsal region that excludes the germ rig. By bud stage 
(lOhpf), the expression of lm04
is restrcted to a rostral domain within the prospective rostral hidbrain, and the anterior
limt of lm04 expression is adjacent to the caudal border of pax2. expression in the
midbrain-hindbrain boundary. At ths stage
Im04 expression was not detected in the
rostral hidbrain of homozygous acerebeUar (mutant infgf) embryos. By the 3-somite
stage (11 hpt), lm04 expression is present in the neural plate and somites. At the 6-somite
stage (12 hpt), the expression of Imo4 becomes restrcted to the anterior neural plate,
while expression persists in the somites and becomes detectable in the forebrain
(prospective optic priordium). Some of this lm04 expression data was incorporated into
figues 2 and 4 of the following publication in ths appendix.
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Abstract
We report the expression of zebrafish lm04 durg the fIrst 48 hours of
development. Like its murie ortolog, lm04 is expressed in somitic mesoderm
branchial arches, otic vesicles, and limb (pectoral fi) buds. In addition, however, we
report zebrafish lm04 expression in the developing eye, cardiovascular tissue, and the
neural plate and telencephalon. We demonstrate that expression in the rostral hindbrain
requires acerebellar (ace/fgf) and spiel ohne grenzen (spg/pou2) activity.
Key Words: lm04 LIM, zebrafish, neural plate, rostral hidbrain, telencephalon, optic
priordia, optic vesicle, otic vesicle, olfactory bulb, retial pigment epithelium, somite
pharygeal arch, endocardium, zebrafish LG5 acerebellar, spiel ohne grenzen Fgf8
Pou2.
Materials and Methods
See figue legends.
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Results and Discussion
We previously reported clonig of several genes expressed caudally in the
zebrafish gastrla (Sagerstromet aI. , 2001). One of these is 76% identical to human and
mouse LM04 encoding a 167 amo acid protein with two LIM domains (Grotz et aI.
1998; Kenny et aI. , 1998; Racevskis et aI. , 1999; Tse et aI. , 1999). LIM domains, found in
fuctionally diverse proteins, conta tadem non-DNA binding zinc fmgers (Dawid et
aI. , 1998). LMO proteins are unique in that they lack other fuctional domains , and LMO
proteins promote formation of multimeric transcription regulatory complexes by bridging
factors such as bHLH and GAT A proteins (Rabbitts, 1998). LMO proteins also fuction
antagonistically toward LIM-Homeodomain (Lhx) proteins by competing for binding to
the essential co-factor Ldb/NI (Rabbitts, 1998). A single Drosophila LMO gene
(dLMO) (Milan and Cohen, 1999; Shoresh et aI. , 1998; Zeng et aI. , 1998; Zhu et aI.
1995) and four mammalian genes, LMO 1-4, have been identified (Rabbitts, 1998).
Human LM02 (Rabbitts et aI. , 1999) and LM04 (Sum et aI. , 2002 , Visvader et aI.
2001) loci are tagets of chromosomal translocations associated with leukemias and
breast cancer, suggesting that LMO genes are also oncogenes.
We mapped zebrafish lm04 (AY028903) to an interval between 48.9 and 50. 1 cM
from the top oflinage group 5 (LG5; not shown) using a zebrafish radiation hybrid
panel (Geisler et aI. , 1999). Several zebrafish genes located on L05 have orthologs on
Human chromosome 1 (Woods et aI.
, 2000), where human LM04 resides. Sequence
alignent and phylogenetic analysis (Fig. I) support the conclusion that zebrafish 
lm04 
orthologous to human LM04.
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We performed a detailed analysis of zebrafish 
lm04 expression durng gastrla
and segmentation stages. Matemallm04 mRA is observed (Fig. 2A) but becomes
undetectable by late blastula stage (Fig. 2B). Durg gastrlation
, zygotic transcripts
appear above the germ ring at shield stage (6 hpf
, Fig. 2C) and become distrbuted
broadly in the dorsal ectoderm and foreruer cells by 75% epiboly (8 hpf, Fig. 2D). By
bud stage (10 hpf, Fig.2 E, F , G, J) expression is restrcted to the rostral domain. Triple
in situ hybridization with probes againstpax2. and krox20 (wide and narow red strpes
respectively in Fig. 2 F) show that bud stage 
lm04 expression is in the presumptive rostral
hidbrai.
Mesendodermal expression is present durg gastrla stages but more apparent as
ectodermal expression decreases by the bud and early somite stage (Fig. 2 G
, H
arowhead). Presomitic mesoderm and tail bud expression is observed later (Fig. 2K
, S
6-somite stage and T, I4-somite stage). Rostral somite expression is restrcted to anterior
epithelium and the mesenchymal core (Fig. 2U
, 14-somite stage). Expression in deep
cells underlying the hidbrain is visible at the 6-somite stage (arow in Fig. 2K).
Decreased expression in the rostral hindbrain by the 3-somite stage is visible in
lateral views of whole mount embryos (Fig. 2 H) though mesodermal expression in this
region of the embryo is stil visible. Dynamic expression in the anterior neuroepithelium
begins around the 3-somite stage (Fig. 2H I) at the anterior edge of the neural plate in the
presumptive telencephalon, and persists in the dorsoanterior neural keel at the 6-somite
stage (Fig. 2K, L). By the 10-somite stage (Fig. 2M), expression is visible though much
of the optic vesicles and telencephalon. By the 14- and 18-somite stages (Fig. 2N O),
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optic vesicle expression is strongest in the medial areas that 
wil form the optic stalk and
retinal pigment epithelium. Expression at the 2 I-somite stage is 
restrcted to the optic
stalk (Fig. 2 P
, Q) and the pigmented epithelium (Fig. 2R).
Expression is seen in the otic vesicle (Fig. 2V) and presumptive branchial arch
region (Fig. 2W) at the 2I-somite stage
, as well as in the anterior sensory ganglia (Fig.
2X).
We next examed expression between the pri-5 (24 hpf) and high pec stage (48
hpf). Cardiovascular expression is observed at the pri-5 stage in the endocardium along
the anteroposterior extent of the tube (Fig. 3A) and in the midline 
vasculatue (Fig. 3B).
Expression in the phargeal arch mesenchyme, hear and fm buds is observed at 36 hpf
(Fig. 3C, D).
Telencephalic expression is a persistent aspect of 
lm04 expression. This becomes
restrcted to the olfactory bulb by the 21-somite stage (Fig. 2 P) and remains at least
through 48 hpf (Fig. 3E). Expression in the presumptive 
hidbrain decreases
signficantly by early somitogenesis
, however expression in a subset of rostral hindbrain
cells is observed at 48 hpf (Fig. 3F).
Whle similarties in the 
expression zebrafish lm04 and that of its mure ortolog
are observed (Hermanson- et aI. , 1999; Kenny et aI., 1998; Sugihara et aI.
, 1998), we note
additional aspects. In parcular
, expression in the rostral hindbrain durg gastrla
stages, which has not been described in mouse
, suggests regulation by genes involved in
midbrain-hindbrain boundar (M) formation. We examined expression in embryos
mutat at the acerebellar (ace), spiel ohne grenzen (spg) 
and no ishtmus (noi) loci, which
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encode fgf (Reifers et aI., 1998), pou2 (Burgess et aI., 2002; Hauptman et aI. , 2002;
Reim and Brand
, 2002) andpax2. (Brand et aI. , 1996), respectively. We observed
normal expression of lm04 in embryos from noi/pax2. heterozygotes at all stages and no
differences in lm04 expression were detected prior to bud stage in embryos homozygous
for ace/fgf or spg/pou2. spg embryos, distiguishable by reduced noi/pax2. expression
show reduced lm04 expression. (Fig. 4A-
, asterisks indicate noi/pax2. expression
brackets in Fig. 4A
, B indicate metencephalic lm04 expression). ace mutat embryos
showed simlarly reduced lm04 expression (Fig. 4E-H). Histological sections (Fig. 4 G,
H) and higher magnfication view (Fig. 4C, D; focal plane in the ectoderm) did not allow
assignent of residual stainig to a germ layer, but showed greatly reduced expression
throughout.
Fgf8 signaling, detected by activation of the ERK-MAK (Curan and Grainger
2000; Umbhauer et aI.
, 1995), is disrupted in the rostral hindbrain in 
ace embryos (Fig.
4I.J), lm04 expression may be induced by Fgf. Indeed
, implantation of an bFgf-soaked
Affgel bead led to ectopic lm04 expression (Fig. 4K, L).
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Figure 1. A. Alignent of the amo acid sequence ofzebrafsh (D.) Im04 with several
members of the mouse (M.), human (Hs.), and zebrafish LMO famly. Alignent was
made using Clustal X version 1.8. HsDAT- I is the protein in the database that gives to
closest match to Mm LM03 as published by Grtz
, et aI.
, (1998). Majority residues are
shaded black. B. Phylogenetic analysis ofLMO famly members from zebrafish
, mouse
human. The sequences were aligned as in A. The phylogenetic tree was 
constrcted with
Phylip 4. , using a Jones- Taylor- Thonton Matr and neighbor joining tree with
Bootstrap values of 500. The accession numbers 
are: Mm LMO 1 :NM057173. , Mm
LM02: NM008505. , Mm LM04: NM010723.
, Hs LMOl: AJ277662. , Hs LM02:
NM005574. , Hs DAT: NP0611 10, HsLM04: NM006769. , DrLMOI: AF398514.
, Dr
LM02: NM1311I1.1 , Dr. LM04: AY028903.
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Figure 2. Expression of Imo4 through the 24-somite stage.
Whole mount in situ hybridization with an 
lm04 probe was performed as reported
(Sagerstrom et aI. , 1996). A-B; Cleavage stages. Matemallm04 expression is visible at
the 2-cell stage (A), but is not detectable by late blastula stage (B). C-
G; Gastrla stages.
(C) Lateral view of a shield stage (6 hpf) close-up showing lm04 expression is excluded
from the margin of the shield (arow) above the foreruer cells (arowhead). Dorsal
views of (D) 75% epiboly (8 hpf), (E) Bud stage (10 hpf), (F) double in situ hybridization
showing lm04 expression in blue and pax2. (upper strpe) and the rostral strpe
(presumptive R3) of krox 20 in red, in a bud stage embryo. (G) Lateral view of bud
stage (10 hpf) embryos demonstrate that zygotic 
lm04 is restrcted to the rostralmost
porton of this domain by the end of gastration. Arow in G points to mesendodermal
staing. H-I. 3-somite stage. (H Lateral view showing decreasing expression in the
ectoderm at the 3-somite stage (II hpf), expression in the somitic mesoderm (arowhead)
and low expression in the presomitic mesoderm. (I Anal pole view of the embryo in
(H, showing expression in the anterior neural plate. J and J' . Optical section though
the rostral hidbrain area of a bud stage embryo and a 6-somite stage embryo
, showing
expression in the neural plate (np) at bud but not 6-somite stage. K-L; 6-somite stage.
(K) Neural plate expression is restrcted to the anterior. Mesodermal expression persists
in the somites and head mesoderm (arrow) and expression in presomitic mesoderm
becomes detectable. (L) Anmal pole view of embryo in (K). M-R; Expression in the
optic priordia from the IO-somite to the 2 I-somite stage. (M). IO-somite stage
expression in the telencephalon (t) and much of the optic 
priordia. (N) Expression at
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the I4-somite stage is resolved to the presumptive stalk and pigmented epithelium (rpe
arowhead). (0) Expression at the I8-somite stage in the optic stalk and rpe (arowhead).
(P) Dorsal
, (Q) ventral and (R) lateral view of the optic priordia of 2 I-somite stage
embryos. Arowhead in R points to retinal pigment cell. S-U; Expression in somitic
presomitic and tail mesoderm. (S) Dorsal view of the tailbud presomitic 
mesoderm at the
6-somite stage (see also J). (T) Lateral view of tail mesoder at the I4-somite stage.
(U). Expression in rostral somites at the I4-somite stage. V-X; 2I-somite stage. (V)
Dorsal view showig expression in the otic vesicle. (W) Same embryo as in (V in a
ventral focal plane, showing expression in the phargeal arch mesenchyme ventral to
the otic vesicle. (X) Lateral view showing expression in the anterior sensory ganglia.
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Figure 3. Expression during pharyngula stages (24-
48 hpt).
, B; Pri-5 stage (24 hpf). (A) Ventral view of the hear primordium with rostral
toward the top, showing expression in the endocardium (ec). (B) Lateral view of 
region (rostral to the left) showing expression in midline vasculatue (arowhead).
Expression is also detectable in the ventral mesoderm (vm). C
, D; Prim-25 stage (36 hpf).
(C) Expression in the telencephalon (t), pharygeal arch mesenchyme (arowheads in C
D), and proximal fm buds (arow in C). (D) Higher magnification ventral view of the
lara in (C), showing expression in the phargeal arches (pI and p2 and arowhead).
F; Expression in the neuroepithelium at 48 hpf. (E) Dorsal view with rostral toward
the top, showing expression in the olfactory bulb adjacent to the nasal pits (np). 
(F)
Lateral view showing expression in the rostral hindbrain
, adjacent to the cerebellum (c).
Abbreviations floor plate (fp), heart (h), myocardium (mc), otic vesicle (ov), notochord
(n), spinal cord (sc).
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Figure 3
Figure 4. Lm04 expression in 
spg/pou2 and ace/fgf mutant embryos and in
response to soluble Fgf.
Embryos of varous genotyes (as shown in top right comer of each panel) were analyzed
with varous probes (as indicated in lower right comer of each panel). In situ
hybridization and imunostainig was done as reported (Sagerstrom et aI.
, 2001;
Schulte-Merker et aI. , 1992). A, C, E, G, I, K are wild tye embryos , B, Dare spg
mutat embryos and F, H, J are ace mutant embryos. K and L are wild 
tye embryos into
which an Affi-Gel bead soaked in MBS (K) or O.5mg/ml Pgf (L) was implanted at shield
stage (6 hpf). A-D were hybridized to noi/pax2. (indicated by asterisks) and lm04
probes (brackets in A B). C and D are focused in the plane of the ectoderm. E -
, and
L were hybridized to a lm04 probe and I and J were stained with the dP-ERK antibody
(Sigma Cat. # M8159) at a dilution of 1:1000. All whole-mount embryos are dorsal
views with anterior to the top. Transverse I Om sections in G and H are cut though the
presumptive rostral hindbrain area that shows maximallm04 expression in wild 
tye bud
stage embryos. Dorsal is at the top. All embryos are at bud stage (10 hpf) except C and
, which are at the 2-somite stage.
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